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Understanding the success of the human species is central to evolutionary anthropology. While we              
share many traits with our relatives the great apes, only humans migrated to all corners of the earth                  
and domesticated other species, leading to the emergence of complex societies. Investigations into             
human genomes have shown that they are a rich source of information for insights into our past.                 
However, for a complete understanding of human evolution it is necessary to look beyond our own                
genomes. This thesis is about using comparative genomics to place human evolution within a wider               
context by studying adaptation in our closest living relatives and in the species that we domesticated. 
 
In the first study, I investigate the genetic changes involved in the earliest stages of dog                
domestication. Using a global sample of dog and wolf genomes I identify regions that are highly                
diverged between these species. I find that selection in the initial stages of dog domestication likely                
involved genes involved in the fight-or-flight response, advancing our understanding of this process. 
 
In the second study, I look for commonalities in the genetic changes that occurred during animal                
domestication across species. I compare genome sequences from experimentally and historically           
domesticated species. I identify genes and variants that may underlie the phenotypic changes that              
occurred during domestication. I find evidence of biological pathways that appear to always be              
involved in the domestication process. 
 
In the third study, I characterise the signatures of natural selection in all major Hominidae lineages                
using population genomic data. I find that most signatures of positive selection are species specific,               
although some loci appear to be selected across several lineages. I determine that the efficacy of                
selection varies between species and is significantly correlated with long-term effective population            
size. These results contribute to a more complete understanding of human evolution. 
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Summary 
 
Introduction 
 
‘Natural selection is a mechanism for generating an exceedingly high degree of improbability’ 
- Ronald A. Fisher. 
 
In 1859, Charles Darwin published his masterpiece On the Origin of Species, in which he proposed his                 
theory of evolution by natural selection [1]. It remains the only known mechanism by which               
adaptation occurs. Despite the centrality of heritable variation to his theory, Darwin was unaware of               
the underlying molecular mechanisms. It was not until the fusion of Gregor Mendel’s concepts of               
genetic inheritance with Darwin’s theory of natural selection in the early 20th century, known as the                
modern synthesis, that a more complete picture of the adaptive process became possible. The result               
was the emergence of the field of population genetics.  
 
Population genetics is based on the idea that natural selection and demographic events result in               
patterns of genetic variation in the DNA of a population. By studying these patterns we can                
reconstruct the evolutionary history of populations and species. The fate of genetic variation in a               
population is determined by the interplay of two forces; genetic drift and natural selection. Genetic               
drift changes allele frequencies due to random sampling while natural selection either raises the              
frequency of alleles that confer a fitness advantage (positive selection), maintains alleles at             
intermediate frequencies in cases of frequency-dependent selection or heterozygote advantage          
(balancing selection), or lowers the frequency of alleles that provide a fitness disadvantage (negative              
selection). 
 
A key principle is the ‘neutral theory of molecular evolution’, which posits that the majority of genetic                 
variation in the genome is selectively neutral, meaning it does not contribute to an organism's fitness                
[2]. Identifying the subset of variants that do influence fitness can provide insights into the biological                
basis for adaptations. A variety of tests have been developed to identify genomic loci with signatures                
of natural selection [3]. Those that detect signatures of positive selection are typically based on the                
hard sweep, in which a new mutation that confers a fitness advantage increases in frequency in the                 
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population along with linked neutral variation until it reaches fixation [4]. This results in distinct               
localised patterns of genomic variation compared to background levels of neutral variation along the              
genome. Although other models of positive selection exist [5], the hard sweep model has proven to                
be an effective way to identify signatures of selection in genomic data [6, 7, 8]. 
 
Our understanding of adaptation in real populations has historically been constrained by a lack of               
data. Recent advances in genome sequencing technology and decreasing costs have enabled            
researchers to sequence large numbers of complete human genomes [9], providing the opportunity to              
study genomic signatures of natural selection and to identify causative variants that contribute to              
adaptation. However, focusing on human genetic variation alone cannot provide a complete picture             
of our evolutionary history. Comparable studies in our closest living relatives, the great apes, have               
been lacking. Without such studies it is impossible to distinguish which adaptive processes are shared               
across the Hominidae (humans and great apes) and which are uniquely human. 
 
Studying the genomes of other species can also inform us about key transitions in human history. The                 
domestication of a handful of animal species in the early holocene had a transformative impact on the                 
development of human societies [10, 11]. Human management, controlled breeding and selection for             
traits that made them more suited to human needs, resulted in biological changes that make               
domesticated animals profoundly different from their wild ancestors [12]. Genomic studies of single             
species have provided insights into when and where domestication events occurred and identified loci              
that were positively selected by humans [13, 14]. However, a comparative genomic approach to              
examine whether the human induced changes are fundamentally similar or different in each species              
has been absent. 
 
Research Purpose 
 
I present three studies that use comparative population genomics to further our understanding of              
processes relevant to human evolution. In chapter 1, I investigate the genetic changes that were               
selected during the earliest stages of dog domestication. Dogs are thought to be the earliest animal                
species to be domesticated by humans [15], yet the genetic variants that underlie the phenotypes               
which were first selected by humans remain largely unknown. In chapter 2, I explore whether the                
phenotypic similarities observed across domesticated species have a shared genetic basis. I generate             
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genomic data from experimentally domesticated lines of rat and mink and analyse them in              
combination with population genomic data from seven pairs of historically domesticated species and             
their wild sister species. In chapter 3, I explore adaptation in our closest living relatives, the great                 
apes. I analyse whole-genome population data from all the major Hominidae (humans and great apes)               
lineages. I investigate the impact of variation in population size on the efficacy of natural selection                
among these closely related lineages. I also identify signatures of positive, negative and balancing              
selection across the lineages. The purpose is to advance our understanding of human evolution by               
providing a more complete evolutionary context. 
 
Chapter 1 - Identification of genomic variants putatively targeted by selection           
during dog domestication 
 
The domestication of a few animal species in the early holocene had a transformative effect on the                 
development of human societies. In their various forms domestic animals have provided food, labour,              
transport, raw materials, security and companionship for human groups. The productivity increases            
provided by domestic animals were essential for the development of complex hierarchical societies             
[10]. Furthermore, without domestic animals it is inconceivable that the human population would             
have been able to grow to its current size. Domestic animals have also been key models for                 
understanding evolution. Studying the variation in domesticates due to artificial selection played a             
central role in inspiring Darwin’s to formulate his theory of evolution by natural selection [16]. The                
Dog (Canis lupus familiaris) in particular holds a special place among domestic animals. It is               
considered to be the first animal domesticated by humans, with genetic and archaeological evidence              
suggesting this process started approximately 11-16 kya [17, 18]. 
 
Here, I present a comparative analysis of a global sample of dog and wolf genomes, to identify regions                  
with signatures of selection and to identify the putatively causal variants that may have been involved                
in the earliest stages of dog domestication. I carried out a scan to identify putatively selection regions                 
based on high levels of differentiation between dogs and wolves using windowed Fst. I found 18                
regions with strong signatures of population divergence between dogs and wolves. As I use an outlier                
based approach to identify signatures of positive selection it is possible that the regions I detected are                 
are false-positives due to neutral demographic processes such as population bottlenecks, which can             
potentially produce similar patterns of genetic variation. To explore this I performed coalescent             
Summary
3
simulations using a model of the demographic history of dogs and wolves [17]. I found that the                 
putatively selected regions show higher divergence than any of the neutrally simulated regions,             
suggesting that their high levels of divergence cannot be explained by neutral evolution. 
 
I identified all single nucleotide positions that are highly differentiated between dogs and wolves (Fst               
>=0.75) and that are predicted to be potentially functional. I performed a gene ontology enrichment               
analysis to gain insight into the 848 genes with such variants. I found that only the ‘adrenaline and                  
noradrenaline biosynthesis pathway’ showed significant enrichment, suggesting that this pathway,          
known for its involvement in mediating the fight-or-flight response, may have been targeted by              
selection during early dog domestication. In addition, I identified 11 genes with putatively functional              
variants that are fixed for alternative alleles between dogs and wolves, three of which are implicated                
in neuronal development. The genes and pathways identified in this study provide new insights into               
the biological changes involved in the early stages of dog domestication. 
 
Chapter 2 - Genes and pathways selected during animal domestication 
 
Domestic animal species share a suite of morphological and behavioral traits. In comparison to their               
wild progenitors they tend to have more patches of white fur, smaller skulls, floppier ears and be                 
more tame towards humans [19, 20]. This suite of traits is known as the ‘domestication syndrome’.                
Since Darwin, evolutionary biologists have wondered what could explain these similarities. While            
there have been several genomic studies of domestic animals, these have typically been limited to               
single species without attempting to look for commonalities in the domestication process across             
species. While various hypotheses have been proposed [19, 20], we still lack a clear understanding of                
the biological changes involved in the animal domestication process. It remains unknown to what              
extent the phenotypic changes associated with domestication are due to direct selection for each              
trait, relaxation of selective pressures, genetic drift or correlated effects of selection for a single or                
few traits.  
 
As the majority of domestic animals were domesticated thousands of years ago these questions have               
proved difficult to investigate in a quantitative manner. A remarkable exception are the experimental              
domestication experiments of the late Academician Dmitry Belyaev. He hypothesised that selection            
for tame behavior at the start of the domestication process had pleiotropic effects that explained the                
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phenotypic similarities observed across species. To test this, he experimentally domesticated           
wild-derived populations of foxes, rats and mink by selecting them solely for reduced fear towards               
humans [21]. In all three species this selection for tame behavior resulted in correlated phenotypic               
changes that echo many aspects of the domestication syndrome [22, 23, 24]. However, the underlying               
genetic changes, and whether they reflect changes that occurred during historical cases of animal              
domestication, remain unknown. 
 
Here, I present comparative genomic analyses of the experimentally domesticated lines of rat (Rattus              
norvegicus) and mink (Neovison vison), to identify the genetic changes that underlie their phenotypic              
changes and to assess their relevance for understanding the domestication process. I developed a              
method to identify putatively selected genes that controls for biases due to gene length. I found that                 
the rat and mink lines share a significant excess of putatively selected genes, suggesting a partially                
convergent genetic response to selection. To test whether the genetic changes in these lines are               
relevant models for understanding the domestication process I analysed whole-genome population           
data from seven pairs of historically domesticated animals and their wild sister species using the same                
approach. While I found no single ‘domestication gene’ selected in all species I identified six biological                
pathways appear to have been recurrently affected by the domestication process in all nine              
domesticated species. These results suggest that although the precise genetic changes selected during             
the domestication process vary between species, there are biological pathways that appear to always              
be involved.  
 
Chapter 3 - Natural Selection in the Great Apes 
 
A central challenge in evolutionary anthropology is to understand the adaptive genetic changes that              
led to the emergence of modern humans. To understand what makes humans unique it is necessary                
to compare ourselves to our closest living relatives, the great apes. While there have been extensive                
studies of signatures of natural selection in humans [3, 6], and some in the great apes [25, 26, 27, 28],                    
no study has comprehensively investigated the signatures of natural selection across the Hominidae.             
Furthermore, most previous studies of adaptation in the great apes have relied on the analysis of                
single genomes, limiting the inferences that can be made in the absence of polymorphism data from                
larger samples. 
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Here, I present a global study of natural selection across the Hominidae, using genome-wide              
population data from all the major lineages. I applied multiple neutrality tests to create a               
comprehensive survey of positive, negative and balancing selection. Among regions with signatures of             
positive selection are several genes related to brain function and development, which may contribute              
to the advanced cognitive abilities of the Hominidae. I found that most signatures of positive and                
balancing selection are species specific. I determined that the differences in long-term effective             
population size between the Hominidae lineages have had a significant impact on the efficacy of both                
positive and negative selection. I also provide a global map of signatures of natural selection in the                 
Hominidae as a public resource to aid future research.  
 
Contribution to the field 
 
The three studies presented here advance our understanding of key questions in evolutionary             
anthropology through the application of comparative genomics. In the first study, I used a global               
sample of dog and wolf genomes to identify genetic variants putatively involved in the early stages of                 
dog domestication. This work advances our understanding of this process and suggests that early dog               
domestication involved changes in genes related to the fight-or-flight response. In the second study, I               
analysed genomes from experimentally and historically domesticated animal species. This work           
provides the first genomic evidence that some biological pathways are always affected during animal              
domestication. In the third study, I applied neutrality tests to genomes from population samples of all                
the major Hominidae lineages. This advances the field by providing the most comparative survey to               
date of positive, negative and balancing selection in humans and our closest living relatives. I also                
demonstrated the important role that effective population size has had on the efficacy of selection in                
these lineages, providing empirical support to theoretical predictions about the relationship between            
population size and adaptation. 
 
Outlook 
 
As sequencing costs decrease the increase in polymorphism data will enable researchers to make              
even more detailed investigations into genomic signatures of adaptation. The rise of functional             
genomics and genome-editing will provide methods to elucidate the molecular mechanisms by which             
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the variants identified in these studies contribute to adaptation. This will lead to new insights into                
human evolutionary history. 
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Zusammenfassung 
 
Einführung 
 
"Natürliche Selektion ist ein Mechanismus der ein außerordentlich hohes Maß an Unwahrscheinlichkeit            
erzeugt." 
- Ronald A. Fisher 
 
Im Jahre 1859 veröffentlichte Charles Darwin sein Meisterwerk “Über die Entstehung der Arten”, in              
dem er seine Evolutionstheorie durch natürliche Selektion aufstellte [1]. Sie bleibt der einzige             
bekannte Mechanismus, durch den Anpassung stattfindet. Obwohl die vererbbare Variation in           
Darwins Theorie von zentraler Bedeutung war, waren ihm die zugrunde liegenden molekularen            
Mechanismen nicht bewusst. Erst durch die Verschmelzung mit Gregor Mendels Vorstellungen der            
genetischen Vererbung mit Darwins Theorie der natürlichen Selektion im frühen 20. Jahrhundert, die             
als moderne Synthese bezeichnet wird, wurde ein vollständigeres Bild der adaptiven Prozesse            
möglich. Das Ergebnis war die Entstehung des Feldes der Populationsgenetik. 
 
Populationsgenetik basiert auf der Idee, dass natürliche Selektion und demographische Ereignisse zu            
Mustern von genetischer Variation in der DNA einer Population führen. Durch das Studium dieser              
Muster können wir die Evolutionsgeschichte von Populationen und Arten rekonstruieren. Das           
Schicksal der genetischen Variation in einer Population wird durch das Zusammenspiel zweier Kräfte             
bestimmt; Genetische Drift und natürliche Selektion. Die genetische Drift ändert die Allelhäufigkeiten            
aufgrund zufälliger Stichprobenentnahme, während die natürliche Selektion entweder die Häufigkeit          
von Allelen, die einen Fortpflanzungsvorteil verleihen, erhöht (positive Selektion), oder die Häufigkeit            
von Allelen, die einen Fortpflanzungsnachteil bedeuten, senkt (negative Selektion). Zusätzlich kann im            
Falle von frequenzabhängiger Selektion sowie bei vorteilhaften Heterozygoten die Häufigkeit von           
Allelen in einem intermediären Bereich stabilisieren werden (balancierende Selektion). 
 
 
Ein Schlüsselprinzip ist die "Neutrale Theorie der molekularen Evolution", die besagt, dass die             
Mehrheit der genetischen Variation im Genom selektiv neutral ist, was bedeutet, dass sie nicht zur               
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Fitness eines Organismus beiträgt [2]. Die Identifizierung der Teilmenge an Varianten, die die Fitness              
beeinflussen, kann Einblicke in die biologische Grundlage für Anpassungen liefern. Es wurden eine             
Vielzahl von Tests entwickelt, um genomische Loci mit Signaturen natürlicher Selektion zu            
identifizieren [3]. Diejenigen, die Signaturen positiver Selektion erkennen können, basieren          
typischerweise auf dem hard sweep, bei dem eine neue Mutation, die einen Fitnessvorteil verleiht, in               
der Population zusammen mit der mit ihr verbundenen neutralen Variation zunimmt, bis sie die              
Fixierung erreicht [4]. Dies führt zu deutlichen ortsgebundenen Mustern der genomischen Variation            
im Vergleich zu dem Grundniveau der neutralen Variation entlang des Genoms. Obwohl andere             
Modelle der positiven Selektion existieren [5], hat sich das hard sweep-Modell als wirksame Methode              
zur Identifizierung von Signaturen der Selektion in genomischen Daten erwiesen [6, 7, 8]. 
 
Unser Verständnis der Anpassung in realen Populationen wurde in der Vergangenheit durch einen             
Mangel an Daten eingeschränkt. Die jüngsten Fortschritte in der Genom-Sequenzierungstechnologie          
und die sinkenden Kosten haben es den Forschern ermöglicht, eine große Anzahl vollständiger             
menschlicher Genome zu erfassen [9], die die Möglichkeit bieten, genomische Signaturen der            
natürlichen Selektion zu untersuchen und ursächliche Varianten zu identifizieren, die zur Anpassung            
beitragen. Allerdings kann die Fokussierung auf die menschliche genetische Variation allein kein            
vollständiges Bild von unserer Evolutionsgeschichte geben. Vergleichbare Studien in unseren engsten           
lebenden Verwandten, den Menschenaffen, fehlten. Ohne solche Studien ist es unmöglich zu            
unterscheiden, welche adaptiven Prozesse von den Hominidae (Menschen und Menschenaffen)          
geteilt werden und welche eindeutig dem Menschen zuzuordnen sind. 
 
Das Studium der Genome anderer Arten kann uns auch über Schlüsselübergänge in der menschlichen              
Geschichte informieren. Die Domestizierung einer Handvoll Tierarten im frühen Holozän hatte einen            
tiefgreifenden Einfluss auf die Entwicklung der menschlichen Gesellschaften [10, 11]. Die menschliche            
Bewirtschaftung, die kontrollierte Zucht und die Selektion für Merkmale, die sie besser auf die              
menschlichen Bedürfnisse abstimmten, führten zu biologischen Veränderungen, durch die sich die           
domestizierte Tiere zutiefst von ihren wilden Vorfahren unterscheiden [12]. Genomische Studien von            
einzelnen Arten haben Einblicke gegeben, wann und wo Domestizierungsereignisse auftraten, und           
Loci identifiziert, die von Menschen positiv selektiert worden sind [13, 14]. Jedoch fehlt ein              
vergleichender genomischer Ansatz, um zu untersuchen, ob die vom Menschen induzierten           
Veränderungen in jeder Spezies grundsätzlich ähnlich oder unterschiedlich sind. 
 
Zusammenfassung
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Forschungszweck 
 
Ich präsentiere drei Studien, die vergleichende Populationsgenomik einsetzen, um unser Verständnis           
der für die menschliche Evolution relevanten Prozesse zu fördern. In Kapitel 1 untersuche ich die               
genetischen Veränderungen, die während der frühesten Stadien der Hundedomestizierung         
ausgewählt wurden. Hunde sollen die älteste Tierart sein, die von Menschen domestiziert wurden             
[15], doch die genetischen Varianten, die den Phänotypen zugrunde liegen, die zuerst von Menschen              
ausgewählt wurden, sind weitgehend unbekannt. In Kapitel 2 erforsche ich, ob die phänotypischen             
Ähnlichkeiten, die bei domestizierten Arten beobachtet wurden, eine gemeinsame genetische Basis           
haben. Ich generiere genomische Daten aus experimentell domestizierten Linien von Ratten und            
Nerzen und analysiere sie in Kombination mit Populationsgenomdaten von sieben Paaren historisch            
domestizierter Spezien und ihrer Wildschwesterarten. In Kapitel 3 erforsche ich die Anpassung in             
unseren engsten lebenden Verwandten, den Menschenaffen. Ich analysiere vollständige         
Genom-Populationsdaten von allen großen Hominidae Abstammungslinien (Menschen und        
Menschenaffen). Ich untersuche die Auswirkungen der Variation der Populationsgröße auf die           
Wirksamkeit der natürlichen Selektion zwischen diesen nah verwandten Linien. Ich identifiziere auch            
Signaturen positiver, negativer und balancierender Selektion über die Abstammungslinien hinweg.          
Der Zweck ist, unser Verständnis der menschlichen Evolution voranzutreiben, indem wir einen            
vollständigeren evolutionären Kontext bereitstellen. 
 
Kapitel 1 - Identifizierung von genomischen Varianten, die vermeintlich gezielt          
während der Domestizierung von Hunden selektiert wurden 
 
Die Domestizierung einiger Tierarten im frühen Holozän hatte eine veränderte Wirkung auf die             
Entwicklung der menschlichen Gesellschaften. In ihren verschiedenen Formen haben die Haustiere           
Nahrung, Arbeit, Transport, Rohstoffe, Sicherheit und Gesellschaft für menschliche Gruppen zur           
Verfügung gestellt. Die Produktivitätssteigerungen von Haustieren waren für die Entwicklung          
komplexer hierarchischer Gesellschaften essentiell [10]. Darüber hinaus ist es ohne Haustiere nicht            
vorstellbar, dass die menschliche Bevölkerung in der Lage gewesen wäre, auf ihre aktuelle Größe zu               
wachsen. Domestizierte Tiere sind auch Schlüsselmodelle für das Verständnis der Evolution. Das            
Studium der Variation in Haustieren, die durch künstliche Selektion hervorgerufen wurde, spielte eine             
Zusammenfassung
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zentrale Rolle für die Inspiration Darwins, seine Evolutionstheorie auf Grund von natürlicher Selektion             
zu formulieren [16]. Der Hund (Canis lupus familiaris) hält einen besonderen Platz unter den              
Haustieren: er gilt als das erste von Menschen domestizierte Tier. Genetische und archäologische             
Hinweisen deuten darauf hin, dass dieser Prozess etwa vor 11.000 – 16.000 Jahren begann begann               
[17, 18]. 
 
Hier präsentiere ich eine vergleichende Analyse einer globalen Stichprobe von Hunde- und            
Wolfgenomen, um Regionen im Genom mit Signaturen der Selektion zu identifizieren und die             
vermeintlich kausalen Varianten zu identifizieren, die an den frühesten Stadien der           
Hundedomestikation beteiligt gewesen sein könnten. Ich habe einen Scan durchgeführt, um           
mutmaßlich selektiert Regionen basierend auf der Berechnung der Unterschiede in FST für einzelne             
Fenster zwischen Hunden und Wölfen zu identifizieren. Ich habe 18 Regionen mit deutlichen             
Signaturen der Divergenz zwischen Hunde- und Wolfpopulationen gefunden. Da ich einen auf            
statistische Ausreißer basierenden Ansatz zur Identifizierung von Signaturen der positiven Selektion           
nutze, ist es möglich, dass die von mir erkannten Regionen aufgrund von neutralen demographischen              
Prozessen, wie etwa Bevölkerungsengpässen, ähnliche Muster der genetischen Variation haben          
können und somit falsch positiv sind. Um dies zu erforschen, habe ich Koaleszenzsimulationen             
basierend auf einem Modell der demographischen Geschichte von Hunden und Wölfen durchgeführt            
[17]. Ich habe herausgefunden, dass die vermeintlich selektierten Regionen eine höhere Divergenz            
aufweisen als irgendwelche der als neutral simulierten Regionen, was darauf hindeutet, dass ihre             
hohe Divergenz nicht durch eine neutrale Evolution erklärt werden kann. 
 
Ich habe alle einzelnen Nukleotidpositionen identifiziert, die zwischen Hunden und Wölfen stark            
differenziert (FST > = 0,75) und potentiell funktional sind. Ich habe eine            
Gen-Ontologie-Anreicherungsanalyse durchgeführt, um Einblick in die 848 Gene mit solchen          
Varianten zu gewinnen. Ich habe fest gestellt, dass nur der "Adrenalin- und            
Noradrenalin-Biosyntheseweg" eine signifikante Anreicherung zeigte, was darauf hindeutet, dass         
dieser Weg, der für seine Beteiligung an der Vermittlung der Kampf- oder Fluchtreaktion bekannt ist,               
während der frühen Hundedomestikation gezielt selektiert worden sein könnte. Darüber hinaus habe            
ich 11 Gene mit putativ funktionellen Varianten identifiziert, für die das alternative Allele bezogen auf               
Hunde und Wölfe fixiert ist; von diesen sind drei in neuronaler Entwicklung verwickelt. Die Gene und                
Stoffwechselwege, die in dieser Studie identifiziert worden sind, geben neue Einblicke in die             
biologischen Veränderungen in den frühen Stadien der Hundedomestikation. 
Zusammenfassung
11
 Kapitel 2 - Gene und Stoffwechselwege, die während der Tierdomestikation          
selektiert wurden 
 
Domestizierte Tierarten teilen sich eine Reihe von morphologischen und Verhaltensmerkmalen. Im           
Vergleich zu ihren wilden Vorläufern neigen sie dazu, mehr weiße Flecken im Pelz, kleinere Schädel,               
und Schlappohren zu haben und zahmer gegenüber Menschen zu sein [19, 20]. Diese Gruppe von               
Merkmalen wird als "Domestizierungssyndrom" bezeichnet. Seit Darwin haben sich evolutionäre          
Biologen gefragt, was diese Gemeinsamkeiten erklären könnte. Während es mehrere genomische           
Studien von Haustieren gab, waren diese typischerweise auf einzelne Arten beschränkt, ohne zu             
versuchen, nach Gemeinsamkeiten im Domestizierungsprozess über Artgrenzen hinweg zu suchen.          
Während verschiedene Hypothesen vorgeschlagen wurden [19, 20], fehlt es uns noch an einem klaren              
Verständnis der biologischen Veränderungen, die an der Tierdomestikation beteiligt sind. Wir wissen            
noch nicht, inwieweit die phänotypischen Veränderungen, die mit der Domestikation verbunden sind,            
sich auf die direkte Selektion für jedes einzelne Merkmal, die Lockerung von selektiven Drücken, den               
Gendrift oder die damit korrelierten Effekte der Selektion für ein oder mehrere Merkmale             
zurückführen lasen. 
 
Da die Mehrheit der Haustiere vor Tausenden von Jahren domestiziert wurde, hat sich die              
quantitative Untersuchung dieser Fragen als schwierig erwiesen. Eine bemerkenswerte Ausnahme          
sind die experimentellen Domestikationsexperimente des verstorbenen Akademikers Dmitri Beljajew.         
Er vermutete, dass die Selektion für das zahme Verhalten zu Beginn des Domestizierungsprozesses             
pleiotrope Effekte hatte, die die phänotypischen Ähnlichkeiten, die bei den Arten beobachtet wurden,             
erklären. Um dies zu testen, hat er experimentell aus der Wildnis bezogene Populationen von Füchse,               
Ratten und Nerze domestiziert, indem er sie nur bezüglich einer verminderte Angst gegenüber             
Menschen ausgewählt hat [21]. In allen drei Arten führte diese Selektion für das zahme Verhalten zu                
korrelierten phänotypischen Veränderungen, die viele Aspekte des Domestizierungssyndroms        
widerspiegeln [22, 23, 24]. Allerdings bleiben die zugrunde liegenden genetischen Veränderungen und            
ob sie Veränderungen widerspiegeln, die auch während der historischen Fälle von Tierdomestikation            
auftraten, unbeantwortet. 
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Hier präsentiere ich vergleichende genomische Analysen der experimentell domestizierten         
Rattenlinien (Rattus norvegicus) und Nerz (Neovison vison), um die genetischen Veränderungen zu            
identifizieren, die den phänotypischen Veränderungen zugrunde liegen und deren Relevanz für das            
Verständnis des Domestizierungsprozesses zu beurteilen. Ich habe eine Methode zur Identifizierung           
vermeintlich selektierter Gene entwickelt, die systematische Fehler aufgrund der Genlänge          
berücksichtigt. Ich habe herausgefunden, dass die Ratten- und Nerz-Linien sich einen signifikanten            
Überschuss an vermeintlich selektierten Genen teilen, was auf eine teilweise konvergente genetische            
Antwort auf die Selektion hindeutet. Um zu testen, ob die genetischen Veränderungen in diesen              
Linien als relevante Modelle für das Verständnis des Domestizierungsprozesses dienen können, habe            
ich die Gesamtgenom-Populationsdaten aus sieben Paaren historisch domestizierter Tiere und ihrer           
Wildschwesterspezies mit demselben Ansatz analysiert. Während ich kein einziges         
"Domestizierungsgen" in allen Arten finden konnte, habe ich sechs biologische Stoffwechselwege           
entdeckt, die immer wieder in allen neun domestizierten Arten durch die Domestikation beeinflusst             
worden sind. Diese Ergebnisse deuten darauf hin, dass es, obwohl die genauen genetischen             
Veränderungen, die während des Domestikationsprozesses ausgewählt werden, zwischen den Arten          
variieren, biologische Wege gibt, die immer beteiligt zu sein scheinen. 
 
Kapitel 3 - Natürliche Selektion in Menschenaffen 
 
Eine zentrale Herausforderung in der evolutionären Anthropologie ist es, die adaptiven genetischen            
Veränderungen zu verstehen, die zum Entstehen moderner Menschen führten. Um zu verstehen, was             
den Menschen einzigartig macht, ist es notwendig, uns mit unseren engsten lebenden Verwandten,             
den Menschenaffen, zu vergleichen. Während es umfangreiche Studien über Signaturen der           
natürlichen Selektion bei Menschen [3, 6] und einige in den Menschenaffen gibt [25, 26, 27, 28], hat                 
keine Studie die Signaturen der natürlichen Selektion über die Hominidae hinweg umfassend            
untersucht. Darüber hinaus haben sich die meisten früheren Studien über die Anpassung in den              
Menschenaffen auf die Analyse einzelner Genome gestützt und limitieren somit die möglichen            
Schlussfolgerungen, die in Abwesenheit von Polymorphismusdaten aus größeren Probenmengen         
gemacht werden können. 
 
Hier präsentiere ich eine globale Studie über die natürliche Selektion über die Hominidae hinweg,              
wobei genomweite Populationsdaten aus allen Hauptabstammungslinien verwendet werden. Ich habe          
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mehrere Neutralitätstests angewendet, um eine umfassende Übersicht über die positive, negative           
und balancierende Selektion zu erstellen. Unter den Regionen mit Signaturen der positiven Selektion             
sind mehrere Gene im Zusammenhang mit Hirnfunktion und Entwicklung zu finden, die zu den              
fortgeschrittenen kognitiven Fähigkeiten der Hominidae beigetragen haben können. Ich habe          
festgestellt, dass die meisten Signaturen der positiven und balancierenden Selektion artspezifisch           
sind. Ich habe festgestellt, dass die Unterschiede in der langfristig wirksamen Populationsgröße            
zwischen den Hominidae-Linien einen signifikanten Einfluss auf die Wirksamkeit sowohl der positiven            
als auch der negativen Selektion hatten. Ich stelle auch eine globale Karte der Signaturen der               
natürlichen Selektion in den Hominidae für die Öffentlichkeit zur Verfügung, um der zukünftige             
Forschung zu helfen. 
 
Beitrag zum Forschungsfeld 
 
Die drei hier vorgestellten Studien bringen unser Verständnis der Schlüsselfragen in der evolutionären             
Anthropologie durch die Anwendung der vergleichenden Genomik voran. In der ersten Studie habe             
ich eine globale Stichprobe von Hunde- und Wolfgenomen verwendet, um genetische Varianten zu             
identifizieren, die vermutlich in die frühen Stadien der Hundedomestikation involviert sind. Diese            
Arbeit erweitert unser Verständnis für diesen Prozess und deutet darauf hin, dass die frühe              
Hundedomestizierung Veränderungen in Genen im Zusammenhang mit der        
Kampf-oder-Flucht-Reaktion hervorgerufen hat. In der zweiten Studie habe ich Genome aus           
experimentell und historisch domestizierten Tierarten analysiert. Diese Arbeit liefert die ersten           
genomischen Beweise, dass einige biologische Wege immer während der Tierdomestikation          
beeinflusst werden. In der dritten Studie habe ich Neutralitätstests auf Genome aus            
Populationsstichproben aller Hauptlinien der Hominidae angewendet. Dies bringt das Forschungfeld          
voran, indem es die vergleichenste Untersuchung zur positiven, negativen und balancierenden           
Selektion in Menschen und unseren engsten lebenden Verwandten zur Verfügung stellt. Ich habe             
auch die wichtige Rolle aufgezeigt, die die effektive Populationsgröße auf die Wirksamkeit der             
Selektion in diesen Linien hat, und biete Unterstützung aufgrund empirischer Daten für die             
theoretischer Vorhersagen über die Beziehung zwischen Bevölkerungsgröße und Anpassung. 
 
Ausblick 
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Da die Sequenzierungskosten sich verringern, wird der Anstieg der Polymorphismus-Daten Forschern           
erlauben, noch detailliertere Untersuchungen zu genomischen Signaturen der Anpassung         
durchzuführen. Der Aufstieg der funktionellen Genomik und des Genom-Editierens wird Methoden           
zur Aufklärung der molekularen Mechanismen liefern, durch die die in diesen Studien identifizierten             
Varianten zur Anpassung beitragen haben. Dies wird zu neuen Einsichten in die menschliche             
Evolutionsgeschichte führen. 
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Abstract
Background: Dogs [Canis lupus familiaris] were the first animal species to be domesticated and continue to occupy
an important place in human societies. Recent studies have begun to reveal when and where dog domestication
occurred. While much progress has been made in identifying the genetic basis of phenotypic differences between
dog breeds we still know relatively little about the genetic changes underlying the phenotypes that differentiate all
dogs from their wild progenitors, wolves [Canis lupus]. In particular, dogs generally show reduced aggression and
fear towards humans compared to wolves. Therefore, selection for tameness was likely a necessary prerequisite for
dog domestication. With the increasing availability of whole-genome sequence data it is possible to try and directly
identify the genetic variants contributing to the phenotypic differences between dogs and wolves.
Results: We analyse the largest available database of genome-wide polymorphism data in a global sample of dogs 69
and wolves 7. We perform a scan to identify regions of the genome that are highly differentiated between dogs and
wolves. We identify putatively functional genomic variants that are segregating or at high frequency [> = 0.75 Fst] for
alternative alleles between dogs and wolves. A biological pathways analysis of the genes containing these variants
suggests that there has been selection on the ‘adrenaline and noradrenaline biosynthesis pathway’, well known for its
involvement in the fight-or-flight response. We identify 11 genes with putatively functional variants fixed for alternative
alleles between dogs and wolves. The segregating variants in these genes are strong candidates for having been
targets of selection during early dog domestication.
Conclusions: We present the first genome-wide analysis of the different categories of putatively functional
variants that are fixed or segregating at high frequency between a global sampling of dogs and wolves. We
find evidence that selection has been strongest around non-synonymous variants. Strong selection in the
initial stages of dog domestication appears to have occurred on multiple genes involved in the fight-or-flight
response, particularly in the catecholamine synthesis pathway. Different alleles in some of these genes have
been associated with behavioral differences between modern dog breeds, suggesting an important role for
this pathway at multiple stages in the domestication process.
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Background
Dogs [Canis lupus familiaris] are considered the first
animal species to be domesticated by humans. Genetic
and archaeological evidence suggests that this process
began approximately 11-16kya [1, 2]. Dogs and their
closest living relatives, wolves [Canis lupus] differ in a
variety of phenotypic traits, despite only differing in
~0.04 7 % of nuclear coding-DNA sequence [3]. Particu-
lar attention has been given to their behavioral differ-
ences, with dogs showing a greater ability to read
human communicative behaviour [4]. When and how
these new cognitive abilities emerged remains unclear.
It has been suggested that rather than selection for
these specific behaviors it was selection for tameness,
a reduction in fear and aggression towards humans,
that permitted the expression of these latent abilities,
which are inhibited in wolves by their fear response
[5, 6].
Unlike the majority of domestic species, which were
primarily selected for production related traits, dogs
were typically selected for their behaviors [7]. Modern
breeds are the result of human mediated selection for an
incredibly wide-range of behaviors, including guarding,
herding and pointing [8]. Pioneering early work on breed
crosses demonstrated a genetic basis to some of these
behavioral differences between breeds [9, 10]. Since then
much work has been done to identify the genetic basis
of phenotypic differences between dogs breeds. The
great phenotypic diversity and population structure be-
tween modern dog breeds has proven to be a powerful
model for elucidating the genetic basis of breed-specific
traits [3]. Studies have utilized a variety of approaches
included trait mapping [11, 12] selection scans [12, 13]
and candidate gene driven approaches [14, 15].
There has been much success in identifying genetic
variants underlying morphological traits, which often
have a relatively simple mono-allelic genetic architec-
ture [12, 16, 17]. Identifying the genetic basis of be-
havioral traits, which are typically assumed to have a
more complex genetic architecture, has proven to be
a more challenging endeavor [3]. Nevertheless, canine
behavioral genetics is a rapidly moving field and sev-
eral studies have made progress in uncovering the
genetic variants associated with behavioral differences
between breeds [8, 18, 19].
One behaviour of particular interest is aggression,
given that selection for reduced aggression towards
humans was likely a prerequisite for domestication [20].
Indeed, dogs generally show reduced fear and aggression
towards humans compared to wolves [21]. Candidate
gene approaches have identified significant allele fre-
quency differences that correlate with levels of aggres-
sion related behaviour within or between dog breeds in
genes that have previously been associated with
aggression in humans. Examples include monoamine
oxidase B [MAOB] [22], the dopamine D4 receptor
[DRD4] [23], the dopamine transporter [SLC6A3] [24],
tyrosine hydroxylase [TH] [25] and dopamine beta-
hydroxylase [DHB] [25]. One study tested 62 SNPs oc-
curring within or close to 16 neurotransmitter-related
genes for allelic associations with aggression [26]. Al-
though multiple risk or protective haplotypes for aggres-
sion were identified no single haplotype was in complete
association with the phenotypes recorded, supporting
the view that aggressive behaviour in dogs has a complex
genetic basis. Taken together these results suggest that
selection for behavioral traits related to aggression in
dogs has targeted a variety of pathways, particularly
those involving the synthesis, transport and degradation
of neurotransmitters such as dopamine.
Despite this progress the genetic changes underlying
reduced fear and aggression in dogs relative to wolves
remain unknown. It is not necessarily the case that the
genes associated with breed-specific behaviors are the
same ones that were selected during the early domesti-
cation process. Indeed, despite the success of breed
mapping approaches, their dependence on inter-breed
variation makes them unsuitable to identify genetic vari-
ants selected for during the early domestication process
that are shared by all dog breeds. While the findings of
studies that focus on intra-breed variation may not be
generalizable across breeds. As a result we know less
about the genetic basis of the phenotypic changes that
occurred during the early stages of dog domestication
and differentiate all dogs from their wild progenitors
than we do about differences between modern dog
breeds.
Identifying the genetic changes that occurred early
in the domestication process thus necessitates add-
itional approaches beyond comparisons between
breeds. Gene expression studies have identified sets of
genes that are differentially expressed in the brains of
dogs and wolves [27, 28] and between aggressive and
non-aggressive dog breeds [29], however whether
these contribute to behavioral differences remains un-
known. Previous work using scans for selection in
genomic data from dogs and wolves has identified
genomic regions that may have been targeted by se-
lection during early dog domestication [30–34]. In
most cases the putative causative genomic variants
underlying these selection signals remain to be identi-
fied. In most cases the putative causative genomic
variants underlying these selection signals remain to
be identified. One of the few cases where the causa-
tive variant has been identified is the gene AMY2B.
Axelsson et al. [32] found that modern dogs have in-
creased copy numbers of the pancreatic amylase gene
AMY2B compared to wolves, potentially an adaptation
Cagan and Blass BMC Evolutionary Biology  (2016) 16:10 Page 2 of 13
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to a starch rich diet associated with human co-
habitation. Although a later study found that this
variation is polymorphic and does not represent a
truly fixed genetic difference between dogs and
wolves [1].
Thus far the putatively functional variants that are
fixed or segregating at high frequency between dogs
and wolves have not been systematically characterized.
One exception is the study of Li et al. [35], in which
non-synonymous variants segregating for alternative
alleles between dogs and wolves were identified. How-
ever, this study was limited by a relatively small sam-
ple size [three wolves and five dogs], meaning that
many of the sites they identified may not be truly
segregating between all dogs and wolves. Furthermore,
they only considered non-synonymous variants as pu-
tatively functional. Identifying and studying the prop-
erties of a wide range of putatively functional variants
is of interest because they are expected to include the
alleles that were selected during dog domestication
and are responsible for the phenotypic differences be-
tween dogs and wolves. Furthermore, studies that rely
solely on selection scans to identify adaptive loci are
liable to false positives due to hitchhiking of neutral
variants, particularly in populations that have experi-
enced strong bottlenecks [36], such as domestic dogs
[1]. Prioritising candidate regions that contain puta-
tively functional variants is one way to increase the
likelihood of identifying the true selective sweeps.
We analyzed variants that are fixed or segregating
at high frequency between dogs and wolves. We iden-
tified these variants using DoGSD, the largest avail-
able dataset of whole-genome polymorphism data
from dogs and wolves [37]. Of these variants we iden-
tify a subset as being putatively functional. We com-
bine this information with a genomic scan for
selection to identify regions of the genome that are
highly diverged between dogs and wolves. We per-
form Gene Ontology analysis of genes with putatively
functional variants segregating at high frequency be-
tween dogs and wolves. We find that putatively func-
tional changes influencing genes involved in
adrenaline biosynthesis appear to have been particu-
larly targeted by selection during dog domestication.
We find that selection during dog domestication ap-
pears to have been strongest around variants influen-
cing protein structure. Furthermore, we identify 11
genes with putatively functional variants that appear
to be fixed for alternative alleles between dogs and
wolves. These changes are of particular interest be-
cause they may be the genetic variants responsible for
the phenotypic differences between all dogs and all
wolves that may have been selected during dog
domestication.
Results and discussion
Scan for selection
To identify genomic regions that may contain variants
that were selected during dog domestication we identi-
fied regions that were highly diverged between dogs and
wolves by calculating the mean Fst between dogs and
wolves in 500kb windows along the genome. Although
previous studies have performed window-based scans for
signatures of selection in dogs and wolves [30, 32], none
have been performed on such a large sample of either
species using whole-genome data. Following Axelsson
et al. [32] we Z transform our Fst scores and consider
regions scores that fall at least five standard deviations
from the mean (Z(Fst)) as putatively selected (Fig. 1).
Mean levels of divergence are higher on the X
chromosome (X chromosome mean Fst = 0.21 compared
to 0.14 for autosomes). This is usually attributed to the
smaller effective population size of the X chromosome
due to its mode of transmission [38]. However, it is also
possible that this signal is partially the result of artificial
selection during domestication having occurred dispro-
portionately on the X chromosome. As males are hemi-
zygous for X-linked traits this may have provided
humans with an opportunity to easily identify and select
recessive alleles on the X chromosome. As the pene-
trance of any given genetic variant in a population is
dependent on its allele frequency and its mode of dom-
inance, regardless of underlying demographic history, we
use the same threshold to identify putatively selected re-
gions on the X chromosome and the autosomes. We ac-
knowledge that this may result in a higher false positive
rate on the X chromosome. When the X chromosome is
considered independently no regions on the X chromo-
some fall over five standard deviations above the mean
Fst score. Nevertheless, as mentioned above, the X
chromosome may contain functional variation contribut-
ing to dog domestication and we do not want to miss
true positives through an overly stringent cut-off. There-
fore, following Li et al. [35], we include the X chromo-
some in our selection analyses.
Using these criteria we identify 18 regions with strong
signatures of population divergence between dogs and
wolves (Table 1). As expected from the higher levels of
mean divergence on the X chromosome, 13 of these re-
gions are on this chromosome. 14 of these 18 regions
contain genes which are candidates for being targets of
selection. We identify many regions previously found to
be under selection in dogs, including a region on
chromosome 1 containing MBP, which encodes myelin
basic protein, and a region on chromosome 16 which
contains MGAM, involved in starch metabolism [32].
The selection scan was performed on a larger and
more geographically diverse dataset than previous scans
for selection comparing dogs and wolves [30–35]. We
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note that while our dataset was chosen to sample as
broadly as possible from the worldwide distribution of
dog and wolf populations that our dog sample is particu-
larly enriched for German Shepherds [11], Tibetan
Mastiffs [11] and indigenous dogs [39]. Therefore, the
sweep signals that we detect may be shared only among
these breeds and not truly reflect universal signatures of
selection across dog breeds. Future studies with sam-
pling from across a wider range of breeds will be
necessary to confirm whether these regions have ele-
vated divergence between all dog and wolf populations.
To explore whether the elevated mean Fst in these re-
gions could be explained by neutral evolutionary pro-
cesses rather than selection we performed coalescent
simulations for the autosomal genome based on a neu-
tral model of the demographic history of these samples
(Materials and Methods). We simulated 500kb haplo-
types for all samples and calculated mean Fst between
Fig. 1 Genome-wide scan for selective sweeps. Z-transformed mean Fst calculated in 500kb genomic windows across the autosomes and
X chromosome between dogs and wolves. Each point represents a 500kb window. A dashed horizontal line represents our threshold for
identifying putatively selected regions (>5 Z(Fst)). 18 windows exceed this threshold and are considered as putative selective sweeps
Table 1 Genes in 500kb windows with Z transformed mean Fst scores five standard deviations above the mean
Chromosome Window [bp] Mean Fst Genes in window
1 2500001–3000000 0.427497 SNORA70, GALR1 MBP, ZNF236
1 3000001–3500000 0.429086 U6, ZNF516
6 47000001–47500000 0.429446 RNPC3
16 7000001–7500000 0.411249 PRSS58, MGAM, TAS2R38, CLEC5A, PRSS37, U6, TAS2R5, TAS2R3, SSBP1, WEE2
18 500001–1000000 0.388113
X 66000001–66500000 0.445258 ZNF711, POF1B, 7S
X 77000001–77500000 0.53831 TCEAL1, MORF4L2, GLRA4, TMEM31, PLP1, RAB9B, SLC25A53, 7SK,
X 77500001–78000000 0.388753 FAM199X, ESX1
X 78000001–78500000 0.473412
X 79500001–80000000 0.46818 U6, TBG, MUM1L1
X 80000001–80500000 0.458387 U6, CXorf57, RNF128, RNF128, TBC1D8B, CLDN2, RIPPLY1, MORC4
X 80500001–81000000 0.407971 RBM41, NUP62CL, PIH1D3
X 105500001–106000000 0.404133 MOSPD1, ZNF75D, U6, ZNF449, DDX26B
X 106000001–106500000 0.386268 SLC9A6
X 108000001–108500000 0.493717
X 108500001–109000000 0.524088 FGF13, cfa-mir-504
X 109000001–109500000 0.467526
X 109500001–110000000 0.511206 F9, MCF2, U4, ATP11C, cfa-mir-505, CXorf66
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the pooled dog and wolf haplotypes so that the results
could be compared to our empirical data. The mean of
the mean Fst scores across all simulations is slightly ele-
vated, Fst = 0.184, compared to the mean Fst of our real
data, Fst = 0.144, or when excluding the X chromosome,
Fst = 0.140. Despite this elevated mean Fst, we never ob-
serve simulated 500kb regions with mean Fst scores as
high as our putatively selected regions (Additional file 1:
Figure S3). The highest mean Fst score from the simula-
tions is 0.31, while the lowest mean Fst score of the 18
putatively selected regions is 0.39. Therefore, the simula-
tions suggest that the cut-off we use to detect putatively
selected regions is conservative and the elevated mean
Fst scores of these regions are unlikely to have been the
result of purely neutral evolutionary forces.
Variants fixed for alternative alleles between dogs and
wolves
As many of these putatively selected regions contain
multiple genes the identification of the targets of se-
lection is challenging. There may also be selected var-
iants that are not surrounded by the signatures of a
selective sweep. This could occur for a variety of rea-
sons, including when selection occurs on standing
genetic variation [40] and because strong population
bottlenecks reduce our ability to detect signatures of
selection over neutrality [36]. Both these scenarios ap-
pear to have occurred during the process of dog do-
mestication [1].
To try and identify the targets of selection in these pu-
tatively selected regions as well as selected variants not
surrounded by signatures of selection we identified all
single nucleotide positions that were fixed for alternative
alleles between dogs and wolves (Fst = 1). From this list
of 2112 sites we used Ensembl’s Variant Effect Predictor
(VEP) to identify those which had putatively functional
consequences [41] (Materials and Methods).
We identify only 11 genes with putatively functional
positions that appear fixed for alternative alleles between
dogs and wolves (Table 2). Eight of these fall within the
selective sweep regions. Of the remaining four, three are
in 500kb windows directly neighbouring the candidate
selective sweep regions. The remaining gene, RELT, is in
the ninth most highly diverged 500kb region between
dogs and wolves on chromosome 21. Therefore, the ma-
jority of fixed putatively functional variants are found re-
gions within highly diverged regions, suggesting that for
dog domestication a hard sweep model may be appropri-
ate for detecting selected variants. The relatively low Ne
of the population ancestral to all dogs, estimated to be
as low as 700–3,200 [1], combined with the high selec-
tion coefficients possible under artificial selection, may
have increased the likelihood of hard sweeps relative to
other non-domesticated species where selection has
been studied, such as Drosophila melanogaster [42].
A previous study on dog domestication by Li et al.
[35] identified 26 non-synonymous variants that were
fixed for alternative alleles between dogs and wolves.
Using our larger dataset we were able to further re-
fine this list. Of the 26 non-synonymous variants they
identified, only six appear as true substitutions be-
tween dogs and wolves in our analysis. Five of these
six substitutions fall in two genes of unknown func-
tion on chromosome X (ENSCAF00000018988 and
ENSCAF00000023289). The remaining substitution
falls in RNPC3 on chromosome 6.
Table 2 Putatively functional variants fixed for alternative alleles between dogs and wolves
Gene ID Gene name Position [chr:position] Nucleotide change [Dog/Wolf] Predicted effect
FGF13 Fibroblast growth factor 13 X:108729524 C/G 5‘-UTR
FHL1 Four and a half LIM domains 1 X:106604107 A/G 3‘- UTR
F9 coagulation factor IX X:109533147 C/A 3‘- UTR
MAP7D3 MAP7 domain containing X:106609169 C/T 3‘- UTR
MBP Myelin basic protein 1:2951693 G/C 3‘- UTR
MCF2 MCF.2 cell line derived transforming sequence X:109544224 G/C 3‘- UTR
RELT Relt tumor necrosis factor receptor 21:24836981 G/A 3‘- UTR
RNPC3 RNA-binding region containing 3 6:47026666 T/G Missense [T/P]
RNPC3 RNA-binding region containing 3 6:47035497 A/C Splice region, intronic
SLC9A6 Solute carrier family 9, subfamily A X:106463600 T/C 3‘- UTR
Novel protein coding ENSCAFG00000018988 X:108560105 T/C Missense [I/T]
Novel protein coding ENSCAFG00000018988 X:108560351 A/G Missense [Q/R]
Novel protein coding ENSCAFG00000018988 X:108560422 G/A Missense [E/K]
Novel protein coding ENSCAFG00000018988 X:108560629 A/G Missense [M/V]
Novel protein coding ENSCAFG00000023289 X:77456592 G/A Missense [E/K]
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Fixed variants potentially contributing to behavioral
differences
Three of the 11 genes with putatively functional vari-
ants fixed for alternative alleles between dogs and
wolves are involved in brain development and may
therefore potentially contribute to the behavioral dif-
ferences between dogs and wolves. Of the six genes
in the 1Mb candidate sweep region we detect on
chromosome one only one gene has a putatively func-
tional variant fixed between dogs and wolves. The
gene, MBP, encodes myelin basic protein and the seg-
regating site occurs in the 3′-UTR. Myelin basic pro-
tein is a component of the myelin sheath, which
influences the velocity of axonal impulse conduction
[43]. Socially isolated mice show deficits of myelin-
ation in the prefrontal cortex, suggesting that myelin-
ation is sensitive to behavioral changes [39].
Furthermore, children with autism are significantly
more likely to produce anti-MBP antibodies than con-
trols [44].
Intriguingly, another gene that is highly expressed in
myelinated nerve fibers [45], FGF13, is fixed between
dogs and wolves for a putatively functional segregating
site in its 5′-UTR. FGF13 encodes fibroblast growth fac-
tor 13 and is within the 500kb region with the second
strongest signal of population divergence between dogs
and wolves (Table 1). FGF13 is a growth factor involved
in neuronal migration in the cerebral cortex during de-
velopment [46]. Overexpression of FGF13 in neuronal
cultures from rat embryonic cortex increases the num-
ber of neurons containing gamma-aminobutyric acid
(GABA) [47], which is notable for the important role of
GABA in the regulation of behaviour, including fear [47]
and aggression [48]. The presence of a fibroblast growth
factor in our list of candidates is potentially supportive
of the ‘domestication syndrome’ hypothesis, which pre-
dicts that many of the traits observed in domestic ani-
mals are the result of selection on genes related to
embryonic development, including fibroblast growth fac-
tors [49]. Which of these phenotypes, if any, were tar-
geted by selection will require further investigation.
Perhaps the most intriguing variant fixed between
dogs and wolves occurs in the 3′-UTR of SLC9A6, which
encodes sodium/hydrogen exchanger protein 6. This
protein regulates the endoluminal pH of early and recyc-
ling endosomes involved in the trafficking of proteins es-
sential for the plasticity of glutaminergec neurons [50].
Loss of function mutations in this gene in humans can
lead to Christianson syndrome, also known as “Angel-
man-like syndrome” [51]. Phenotypes typical of patients
with loss of function mutations in SLC9A6 include cog-
nitive developmental delays, absence of speech, stereo-
typed repetitive hand movements, hyperkinetic
movements and postnatal microcephaly with a narrow
face [51, 52]. Christianson syndrome is also frequently
characterised by a happy disposition with easily provoked
laughter and smiling, an open mouth with excessive drool-
ing and frequent visual fixation on hands [51, 52]. Several
of these phenotypes resemble those that distinguish dogs
from wolves. Therefore it is tempting to speculate that se-
lection on regulatory variation influencing expression of
SLC9A6 may have played an important role in producing
some of the behavioral phenotypes that emerged during
dog domestication.
Variants potentially contributing to anatomical
differences
Dogs and wolves are also anatomically distinct [53]. One
gene we detect with a variant in the 3′-UTR fixed for al-
ternative alleles between dogs and wolves is FHL1, which
encodes Four and a half LIMB domains 1. FHL1 is most
highly expressed in skeletal muscle [54]. Defects in this
gene in humans result in a variety of muscle disorders,
for example scapuloperoneal myopathy, characterized by
progressive weakening of shoulder and lower leg muscles
[55, 56]. Selection on this gene may have contributed to
the reduced efficiency of skeletal musculature that has
been observed in dogs relative to wolves.
Another gene potentially contributing to morpho-
logical differences between dogs and wolves is RNPC3,
which encodes the protein RNA-binding region contain-
ing 3. RNPC3 is involved in pre-mRNA U12-dependent
splicing. RNPC3 is one of only two genes with more
than one putatively causal variants fixed between dogs
and wolves, the other is a gene of unknown function
(Table 2). One variant causes a non-synonymous change
while the other is in a predicted intronic splice site. Not-
ably, RNPC3 is the only autosomal gene with a non-
synonymous substitution segregating between all wolves
and dogs. Mutations in this gene in humans cause pituit-
ary related growth hormone deficiencies, potentially by
disruption of the growth hormone pathway [57]. This
pathway also involves the genes IGF1 and IGFR1, both
are associated with haplotypes influencing body size be-
tween dog breeds [16, 58], suggesting that this pathway
may have been repeatedly targeted by selection for body
size during dog domestication.
Interestingly, RNPC3 is situated less than 1Mb from
AMY2B, which it has been argued has been selected for
increased copy number in dogs as an adaptation to a
starch-rich diet [32]. The close proximity of these two
genes suggests that the putatively functional variants in
RNPC3 may have risen as a result of hitchhiking, due to
selection on the neighbouring AMY2B, or vice versa. It
is an intriguing possibility that selection in dogs on
AMY2B for dietary adaptations could have led to mor-
phological changes through the hitchhiking of non-
selected functional alleles in the neighbouring RNPC3.
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Further work will be necessary to untangle the original
targets of selection in this case.
Pathway enrichment suggests selection on behaviour
It is not necessarily the case that fixed phenotypic differ-
ences between populations must have a fixed genetic
basis, particularly in the case of complex polygenic traits.
Therefore, we also looked for variants that are not fixed
between dogs and wolves. To do this we identified all
single nucleotide positions that were highly differenti-
ated between dogs and wolves (Fst > = 0.75). From this
list of 199,821 sites we used VEP to identify those which
had putatively functional consequences. We identify 848
genes with putatively functional variants showing an al-
lele frequency difference of > = 75 % between dogs and
wolves.
We performed a gene ontology enrichment analysis on
these 848 genes using the gene ontology and analysis
software PANTHER [59, 60]. The only pathway to show
a significant enrichment is the ‘adrenaline and noradren-
aline biosynthesis pathway’ (P-value = 4.19E-08) (Table 3).
Given the key role of adrenaline in the fight-or-flight re-
sponse [61] and noradrenaline’s key role as a hormone
and neurotransmitter responsible for vigilant attention
[62] it is possible that this is driven by genes that have
been targeted by selection for changes in behaviour, such
as tameness, during dog domestication.
The enrichment signal is the result of putatively
functional variants in nine genes (Table 4), including
the monoamine oxidases MOAO and MAOB. The
proteins encoded by these genes are involved in the
deamination of dopamine, serotonin, adrenaline and
noradrenaline. In humans variants in MAOA have
been associated with aggression [63]. Inhibition of
MAOA and MAOB during brain development in-
duces pathological aggressive behaviour in mice [64]
and transgenic mice deficient for MAOA show ag-
gressive behaviour and alterations in levels of nor-
adrenaline in the brain [65]. Another gene we identify
is TH, which encodes tyrosine hydroxylase, the rate-
limiting enzyme in the synthesis of dopamine and
noradrenaline [66]. Tyrosine hydroxylase catalyzes the
conversion of L-Tyrosine into L-Dopa. Startlingly, the
gene encoding DOPA decarboxylase (Aromatic-L-
Amino-Acid decarboxylase), which transforms L-Dopa
into dopamine, also has a putatively functional variant
segregating at high frequency between dogs and
wolves (Table 4). This gene, DDC, is also involved in
several other decarboxylation reactions related to
neurotransmitter synthesis, including the conversion
of 5-HTP to serotonin [67]. Both DDC and MAOB
have been associated with attention-deficit/hyperactiv-
ity disorder in humans [68]. We also detect putative
functional variants segregating at high frequency in
three genes which encode neurotransmitter trans-
porters in the solute carrier 6 family (SLC6). Proteins
in the SLC6 family are involved in the plasma mem-
brane transport of dopamine, noradrenaline, serotonin
and GABA and are involved in neurotransmitter sig-
naling [69]. Overall these results strongly suggest that
there has been selection for changes in neurotrans-
mitter metabolism during dog domestication, particu-
larly in the catecholamine biosynthesis and transport
pathways, which include dopamine, adrenaline and
noradrenaline.
Strikingly, polymorphisms in three of these genes
have previously been associated with aggressive be-
haviour within (SLC6A3 [24]) or between (TH [25],
MAOB [22]) dog breeds. However the alleles in these
studies differ from those that we identify. This sug-
gests that the catecholamine pathway has been recur-
rently targeted by selection during the process of dog
domestication. Furthermore, some genes in this path-
way show evidence of being recurrently selected dur-
ing the process of dog domestication, with some
variants contributing to behavioral differences be-
tween dogs and wolves and others to differences be-
tween dog breeds.
Table 3 Panther pathways gene enrichment analysis of genes containing variants with an Fst score > = 0.75
PANTHER Pathways Canis familiaris - REFLIST
[19662]
Genes with putatively functional
variants [848]
Expected
number
Fold
enrichment
P-value
Unclassified 17318 712 746.91 - 0.00E00
Adrenaline and noradrenaline
biosynthesis
26 9 1.12 + 4.19E-08
Axon guidance mediated by netrin 38 7 1.64 + 2.31E-01
Dopamine receptor mediated signaling
pathway
51 8 2.20 + 2.97E-01
Nicotine pharmacodynamics pathway 31 6 1.34 + 3.87E-01
Alpha adrenergic receptor signaling
pathway
22 5 .95 + 4.45E-01
Gonadotropin releasing hormone
receptor pathway
225 19 9.70 + 7.74E-01
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We note that a previous study by Li et al. [35] identi-
fied genes involved in glutamate metabolism as the most
highly diverged between dogs and wolves. We do not de-
tect this signal in our analysis. This may be partially due
to the larger sample size in our study (78 compared to
13 canid genomes), which gives us greater power to de-
tect variants that are truly highly diverged between dogs
and wolves. Another explanation is that the analysis of
Li et al. [35] was designed to identify genes with highly
divergent SNPs irrespective of whether they contain pu-
tatively functional variants. Therefore, there may indeed
be selection on glutamate metabolism genes in dogs, but
the selected variants may reside in nearby regulatory ele-
ments. This is supported by their finding that there are
gene expression changes in these genes between dogs
and wolves [35].
In contrast, our analysis was designed to identify genes
with highly divergent putatively functional variants
within, or neighbouring, exonic sequences. Therefore,
the differing results could be due to selection on the
‘adrenaline and noradrenaline biosynthesis pathway’ oc-
curring via modifications to the protein structure (mis-
sense mutations in DDC and SNAP29) and flanking
proximal regulatory regions (5′-UTR, 3′-UTR and in-
tronic splice sites) of selected genes. While selection on
glutamate metabolism may have primarily occurred via
selection on more distal regulatory elements, such as en-
hancers, potentially influencing tissue specific gene ex-
pression. Given the highly polygenic nature of
domestication [70], it is plausible that both these path-
ways have been targeted by selection during dog
domestication.
Characterizing the frequency distribution of putatively
selected variants
It has been proposed that animal domestication is highly
polygenic and can be achieved by the concordant in-
crease in allele frequency of multiple variants without
fixation at any loci [70]. We ordered putatively selected
sites into bins based on their Fst score [0.85–0.9, 0.9–
0.95, 0.95–1]. For each discrete bin sites were further
categorized based on their putative functional conse-
quences using VEP. The percentage of sites in each
functional category are plotted for each bin as a percent-
age of total sites in that bin (Fig. 2). In the absence of
positive selection we expect the proportion of putatively
functional variants to decrease as Fst increases because
purifying selection should act to prevent deleterious mu-
tations rising in frequency [71]. Indeed, for Fst values
between 0.85-0.95 we see the proportion of all categories
of putatively functional sites decreasing as Fst increases
(Fig. 2). However, for Fst values >0.95 we see an increase
Table 4 Putatively functional variants with an Fst score > = 0.75 in genes in the ‘adrenaline and noradrenaline biosynthesis’ pathway
Gene ID Gene name Position [chr:position] Nucleotide change
[Dog/Wolf]
Predicted effect
DDC Dopa decarboxylase [Aromatic-L-Amino-Acid decarboxylase] 18:1806717 C/T Missense [R/Q]
MAOA Amine oxidase [flavin-containing] A X:37747023 T/C 3‘-UTR
MAOB Amine oxidase [flavin-containing] B X:37766049 C/T 3‘-UTR
SLC6A3 Sodium-dependent dopamine transporter member 3 34:11239621 C/T Splice region, intronic
SLC6A17 Sodium-dependent neutral amino acid transporter member 17 6:41776709 C/A 3‘-UTR
SLC6A19 Sodium-dependent neutral amino acid transporter member 19 34:11329939 G/A 3‘-UTR
SNAP29 Synaptosomal-associated protein 29 26:30614788 C/T Missense [S/N]
SNAP29 Synaptosomal-associated protein 29 26:30607948 G/A 3‘-UTR
SNAP29 Synaptosomal-associated protein 29 26:30607975 T/C 3‘-UTR
SNAP29 Synaptosomal-associated protein 29 26:30608088 T/C 3‘-UTR
SNAP29 Synaptosomal-associated protein 29 26:30608209 G/A 3‘-UTR
SNAP29 Synaptosomal-associated protein 29 26:30608212 T/C 3‘-UTR
SNAP29 Synaptosomal-associated protein 29 26:30608354 A/G 3‘-UTR
SNAP29 Synaptosomal-associated protein 29 26:30608375 C/T 3‘-UTR
SNAP29 Synaptosomal-associated protein 29 26:30608864 A/G 3‘-UTR
SNAP29 Synaptosomal-associated protein 29 26:30608989 C/T 3‘-UTR
SNAP29 Synaptosomal-associated protein 29 26:37750228 T/A 3‘-UTR
SNAP29 Synaptosomal-associated protein 29 26:38554416 G/A 3‘-UTR
STX7 Syntaxin-7 1:25559797 T/C 3‘-UTR
TH Tyrosine 3-monooxygenase 18:46331581 G/A Splice region, intronic
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in the percentage of several categories of putatively func-
tional sites, particularly sites in the 3′-UTR of genes,
while the percentage of synonymous sites, which are
presumed to be selectively neutral, decreases. This is
suggestive of positive selection acting to bring these vari-
ants to fixation.
Evidence that the strength of selection varies around
different categories of sites
To further investigate whether selection has preferen-
tially acted on any specific functional categories of sites
we calculated mean Fst in 50kb windows centered on
each putatively functional variant with an Fst score > =
0.75. Figure 3 shows the distribution of mean Fst around
the difference categories of sites, with synonymous vari-
ants acting as a control as we do not expect positive se-
lection to be acting on synonymous sites, although this
assumption may not always be valid [72]. An ANOVA
reveals a significant effect of functional category on
mean Fst around sites, F[5, 2818] = 10.98, p = 1.71e-10
(Additional file 2: Table S1). To find which categories
are significantly different we performed Tukey’s range
test. Although mean Fst is highest around sites that
cause a gain of stop codon this is not significantly differ-
ent as there are only three such sites. We find that non-
synonymous variants are in regions of significantly
elevated Fst compared to synonymous variants, an ob-
servation consistent with positive selection acting on
non-synonymous sites (Additional file 3: Table S2).
Interestingly, both synonymous and non-synonymous
variants appear to be in regions of significantly higher
Fst than variants in the 3′-UTRS and 5′-UTRs. This
suggests that during dog domestication selection may
have been strongest around non-synonymous variants.
However, there are more non-coding than coding vari-
ants segregating at high frequency between dogs and
wolves, so the overall contribution of each type of vari-
ant may still be similar. The elevated mean Fst around
synonymous sites relative to regulatory variants may be
the result of hitchhiking of synonymous sites that are on
the same haplotype as selected variants or, less plausibly,
selection on synonymous sites.
Conclusions
Using genome-wide polymorphism data from dogs and
wolves we were able to identify putatively functional
variants that may have been selected during dog domes-
tication. While previous genomic studies of dog domes-
tication have identified putatively selected regions and
genes, this is the first study to combine scans for selec-
tion with a genome-wide analysis of multiple categories
of putatively functional variants in order to identify spe-
cific genetic changes underlying the phenotypic differ-
ences between dogs and wolves. We find there are only
11 genes with putatively functional substitutions differ-
entiating all dogs and wolves. Although we note this is
likely to be an under-estimate due to our currently lim-
ited ability to identify functional variation in non-genic
Fig. 2 Percentage of functional sites in discrete Fst bins. Polymorphic sites and substitutions were ordered into bins based on their Fst score. For
each bin sites were categorized according to their putative function. The number of sites in each functional category are plotted as a percentage
of the total sites in that bin. Values at top refer to total number of sites in each bin. Synonymous sites, which are assumed to be selectively neutral,
decline as a percentage of total sites as the Fst score of the bin increases. In contrast, we observe an increase in the percentage of several categories
functional sites in the top bins [0.95–1, 1]. This may be the result of positive selection raising these variants to high frequency and fixation
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regions of the genome. The 11 genes that we detect with
fixed functional differences between dogs and wolves
point towards selection on both morphological and be-
havioral phenotypes.
We find that, although the majority of putatively func-
tional variants segregating between dogs and wolves are
in regulatory regions, in general variants influencing
protein structure show the strongest signatures of selec-
tion. Although we note that our analysis was restricted
to regulatory regions in close proximity to genes. In the
future, characterizing the functional effects of these vari-
ants may help to further our understanding of the do-
mestication process.
The majority of variants that we detect segregating be-
tween dogs and wolves are not fixed but may neverthe-
less contribute to differences between dogs and wolves
due to the polygenic nature of most phenotypes. We
provide the first evidence for polygenic selection on pu-
tatively functional variation in genes in the adrenaline
and noradrenaline biosynthesis pathway during dog do-
mestication. The genes we find implicated in this path-
way are involved in the synthesis, transport and
degradation of a variety of neurotransmitters, particu-
larly the catecholamines, which include dopamine and
noradrenaline. The strong signal of recurrent selection
on this pathway and its role in emotional processing and
the fight-or-flight response suggests that the behavioral
changes we see in dogs compared to wolves may in part
be due to changes in this pathway. Furthermore, several
of the genes contributing to the signal of enrichment in
this pathway have also been associated with levels of
aggressive behaviour between dog breeds [22, 25], sug-
gesting that some of these genes have been important
during both the initial domestication process and later
breed formation. We note that although the high allele
frequency differences between dogs and wolves suggest
that the variants we identify were involved in the early
domestication process, it is possible that the allelic dif-
ferentiation we observe occurred later. Looking ahead,
ancient DNA from dogs and wolves may provide the
temporal resolution to determine which alleles were in-
volved in the earliest stages of dog domestication.
Methods
Data & samples
We used the DoGSD, a publicly available database which
contains whole-genome SNP data from dogs and wolves
conglomerated from several different studies [37]. All
data were obtained from this database and no animal ex-
periments were conducted. For comparability between
datasets DoGSD applies a unified variant calling pipeline
to all the samples. Using this dataset we analyzed whole-
genome variant data from 67 dog and 7 wolf samples
(Additional file 4: Table S3), which we treated as two
separate groups. The strong genetic drift caused by
breed specific population bottlenecks associated with
breed creation has resulted in the random fixation of
large genomic regions [73]. These could be misidentified
as signals of selection. However, we are interested in var-
iants that were selected for during the early domestica-
tion process, before the creation of modern breeds. By
combining data from as many dogs as possible, from
Fig. 3 Distribution of mean Fst in 50kb windows centered around putatively functional sites. Polymorphic sites with Fst > =0.75 between dogs
and wolves were classified according to their putative function. For each putatively functional site the mean Fst was calculated in a 50kb window
centered on the site. A violin plot shows the distribution of mean Fst values for each category of functional site (5‘-UTR, 3‘-UTR, non-
synonymous, splice site, stop gained, synonymous). Synonymous mutations were included as a category to show the expectation in the
absence of positive selection
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both modern breeds and village dog populations, we
hope to alleviate this problem. Basing our analysis on
the reasonable assumption that dog domestication had a
single origin [1], we expect variants that were strongly
selected for during the early domestication process to be
shared across dog breeds, regardless of their more recent
population history. While the neutral regions that under-
went fixation during breed formation are not expected
to be shared across all breeds due to the random nature
of genetic drift. Although we note that some variants
that were selected for during the early domestication
process could be absent from some breeds due to drift
from strong bottlenecks associated with the breed cre-
ation process.
We excluded the dingo (Canis lupus dingo) because
although they are now wild, they are thought to be des-
cended from a domesticated Asian dog population [74],
which could lead to false negative results if they still
contain alleles that were selected for during the early do-
mestication process. To visualize the relationship be-
tween samples we created a PCA plot of the samples
included in all analyses using EIGENSOFT and
SMARTPCA [75, 76] (Additional file 5: Figure S1). The
first principal component in the PCA plot clearly differ-
entiates wolves and domestic dogs into two groups. The
second principal component appears to differentiate
dogs based on their Asian and European ancestry. To re-
duce the potential for false positives due to low power
we only considered sites with genotype calls for > = 50 %
of samples among both the dogs and the wolves.
Genomic scan for selection
To identify regions of the genome with putative signa-
tures of positive selection in dogs or wolves we calcu-
lated mean Fst across the genome between dogs and
wolves in non-overlapping 500kb windows using
VCFtools [77]. This is an implementation of Weir and
Cockerham’s Fst [78]. Under neutrality we expect the
distribution of mean Fst scores to follow a normal distri-
bution. However a histogram of mean Fst scores shows
a long tail towards positive Fst scores, potentially indica-
tive of positive selection (Additional file 6: Figure S2).
Pathway enrichment analysis
Pathway enrichment analysis was performed using the
gene ontology and analysis software PANTHER [59 60].
We performed the statistical overrepresentation test
using the Canis familiaris background gene set and ap-
plied the bonferroni correction for multiple hypothesis
testing.
Identification of putatively functional sites
The majority of genomic variants are expected to have
no impact on the phenotype of an organism. To identify
the putatively functional sites that may have been tar-
geted by selection we used Ensembl’s Variant Effect Pre-
dictor [VEP] [41]. The VEP predicts the effect of
genomic variants on genes, protein sequence and regula-
tory regions. We classify as putatively functional any
sites that influence protein structure; cause missense
mutations, frameshifts, or gain or loss of stop codons,
and variants that may influence gene expression by be-
ing within a 5′-UTR, 3′-UTR, or predicted splice site.
While this categorization is likely to be overly conserva-
tive, by excluding potentially regulatory variants not sit-
uated in or near genes, it will reduce the number of false
positives by only including variants with a high probabil-
ity of having functional consequences.
Coalescent simulations
To test whether the putatively selected 500kb windows
with elevated mean Fst between dogs and wolves could
be the result of a selectively neutral demographic history
we performed coalescent simulations with the software
scrm [79]. The parameters for the simulations were
taken from the papers where the samples were first pre-
sented. Specifically, we adapted the demographic model
presented in [1] (Supplementary Text 8, Command Line
1 G-PhoCS model with the full set of migration bands
inferred) and incorporated demographic information
from the papers where the additional samples were pre-
sented [34, 80]. We simulated 148 500kb haplotypes
6000 times, to provide a distribution of regions approxi-
mating the dog genome in size. The exact command line
is presented in Additional file 7: Table S4. For each
simulation we calculated the mean Fst of the 500kb hap-
lotypes between dogs and wolves using the R package
PopGenome [81].
Availability of supporting data
The dataset supporting the conclusions of this article is
available in the DoGSD repository [37] [http://dogsd.bi-
g.ac.cn/snp/pages/download/download.jsp].
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Additional file 1: Figure S3. Mean Fst of 500kb regions. Distribution of
the empirical data compared to results obtained from coalescent
simulations. The empirical distribution is presented both with (red line)
and without the regions from the X chromosome (blue line). The long
tail of the empirical data is absent in the neutral simulations, suggesting
that positive selection may explain the elevated Fst in these regions.
(DOCX 73 kb)
Additional file 2: Table S1. Results of ANOVA of mean Fst in 50kb
windows around functional categories of sites with Fst > = 0.75.
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Additional file 3: Table S2. Results of Tukey’s range test for ANOVA of
Mean Fst in 50kb windows around functional categories of sites with
Fst > = 0.75. (DOCX 99 kb)
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Additional file 5: Figure S1. PCA plot of samples included in this
study. PCA of genome-wide polymorphism data from 67 dogs and 7
wolves. The percentage of the total variance explained by the first and
second principal component are labeled on the X and Y axis, respectively.
PC1 clearly separates dogs from wolves while PC2 primarily separates
dogs by geographic origin. (DOCX 144 kb)
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Chapter 2 
 
Genes and pathways selected during animal      
domestication 
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Abstract
Natural selection is crucial for the adaptation of populations to their environments. Here, we present the ﬁrst global
study of natural selection in the Hominidae (humans and great apes) based on genome-wide information from popu-
lation samples representing all extant species (including most subspecies). Combining several neutrality tests we create a
multi-species map of signatures of natural selection covering all major types of natural selection. We ﬁnd that the
estimated efﬁciency of both purifying and positive selection varies between species and is signiﬁcantly correlated with
their long-term effective population size. Thus, even the modest differences in population size among the closely related
Hominidae lineages have resulted in differences in their ability to remove deleterious alleles and to adapt to changing
environments. Most signatures of balancing and positive selection are species-speciﬁc, with signatures of balancing
selection more often being shared among species. We also identify loci with evidence of positive selection across several
lineages. Notably, we detect signatures of positive selection in several genes related to brain function, anatomy, diet and
immune processes. Our results contribute to a better understanding of human evolution by putting the evidence of
natural selection in humans within its larger evolutionary context. The global map of natural selection in our closest
living relatives is available as an interactive browser at http://tinyurl.com/nf8qmzh.
Key words: evolution, adaptation, comparative genomics, primates.
Introduction
Understanding the adaptive genetic changes that led to the
emergence of modern humans continues to be a major focus
of modern genomics (Pritchard et al. 2010; Enard et al. 2014).
However, despite much work in this field, many central ques-
tions remain unanswered. For example, it is still unclear what
percentage of the human genome has been shaped by natural
selection, which genetic variants are responsible for the phe-
notypes that make humans unique, and to what extent de-
mographic factors have influenced the rate of adaptive
evolution through human history. These questions can only
be answered through a deeper understanding of the evolu-
tion both of the human genome and also of other closely
related species. While laboratory studies on adaptation in
organisms such asDrosophila have furthered our understand-
ing of adaptive evolution (Lee et al. 2014), the usefulness of
these model organisms for understanding adaptation in hu-
mans is limited by the wide disparities that exist between
them and humans, in both physiology and demography.
Investigation of the molecular basis of adaptation is also hin-
dered by differences in the structure and content of the ge-
nomes of more distantly related organisms. Studying our
closest living relatives, the great apes, is therefore crucial for
furthering our understanding of human evolution.
The Hominidae (humans and great apes) share several
traits thatmake themparticularly interesting. Relative to their
ancestors they have evolved larger brains, more complex so-
cial systems and, arguably, the ability to create and maintain
cultural traditions (McGrew 2004). Furthermore, the
Hominidae species differ from one another in important
ways (including their morphology, physiology, behavior and
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life history traits) that may result from their independent
adaptation to particular environments. Evolutionary genomic
information can help us to understand the origin and mo-
lecular bases of both shared and species-specific traits in the
Hominidae.
The Hominidae also provide an excellent system for com-
parative studies. This is because although the species are very
closely related (with all lineages diverging over the last 12 My)
they differ substantially in relevant features such as the effec-
tive size of their populations (Ne) (Prado-Martinez et al. 2013).
This makes them well-suited for addressing longstanding the-
oretical questions in evolutionary biology. A central principle
of population genetics is that the effective size of a population
influences the efficacy of selection (Charlesworth 2009).
Populations with a large Ne are expected to be more efficient
at both fixing beneficial alleles and removing deleterious ones,
when compared with populations with small long-termNe or
that have experienced severe bottlenecks. Empirical attempts
to quantify this effect have been limited, with exceptions that
include work in yeast (Elyashiv et al. 2010), Drosophila (Jensen
and Bachtrog 2011) and eukaryotes (Grossman et al. 2013), as
well as comparisons of very divergent lineages (Corbett-Detig
et al. 2015). It remains unclear towhat extent differences in Ne
between closely related mammalian species impact the pro-
cess of natural selection (Ellegren and Galtier 2016). Full ge-
nome sequences of humans and great apes provide a unique
opportunity to investigate this question over a relatively short
evolutionary timescale.
The signatures of natural selection have been extensively
studied in humans (Bustamante et al. 2005; Sabeti et al. 2006;
Nielsen et al. 2009; Andre´s et al. 2010) and some of the apes
(Mikkelsen et al. 2005; Locke et al. 2011; Pru¨fer et al. 2012;
Scally et al. 2012; Bataillon et al. 2015; McManus et al. 2015).
However, no study has comprehensively investigated the ev-
idence for natural selection across the Hominidae lineages.
We analyzed whole-genome sequence data from multiple
individuals from lineages covering all major Hominidae spe-
cies and subspecies (except Gorilla beringei beringei) (Prado-
Martinez et al. 2013) and present the first investigation of the
impact of natural selection using this dataset. We focus on
attributes of the data that allow us to detect the different
types of selection across evolutionary timescales. We then
integrate these results to investigate the influence of Ne on
the efficacy of natural selection, the targeted functional ele-
ments, the genes and biological processes targeted by each
type of selection, and the conservation of selective pressures
across Hominidae lineages.
Results
Sample Processing
In order to assess the influence of natural selection, we use a
dataset of 54 non-human great ape and nine human genomes
sequenced to an average of 25-fold coverage (supplementary
table S1, Supplementary Material online). Because of differ-
ences in demography and selective pressures on autosomes
and sex chromosomes, we focus exclusively on the autosomes.
We take particular care to minimize the influence of errors
and biases in genomic data and ensure that our data is of the
highest possible quality—something particularly important
when comparing species. All reads were mapped to the
same reference genome (human hg18). We built on the ex-
tensive data filtering strategy of Prado-Martinez et al. (2013)
(see “Dataset” in “Methods” section). This conservative filter-
ing strategy resulted in the exclusion of 726Mb (23%) of the
autosomal genome. This includes tandem repeats (38 Mb),
segmental duplications (154 Mb) and structural variants
annotated in at least one species (334 Mb) (see supplemen
tary fig. S1, Supplementary Material online), all identified by
unusual read-depth, so alternative methods (Gokcumen et al.
2013; Sudmant et al. 2015) may identify nonidentical regions.
While certain genomic regions and gene families may be en-
riched in structural variation and be disproportionately af-
fected by this filtering step, their removal is essential to
minimize artifacts. We also excluded genomic gaps
(226 Mb) and base pairs that were not covered by a min-
imum of five reads in all individuals per species. The resulting
dataset includes on an average 2,099 Mb of analyzable ge-
nome sequence per species (see supplementary fig. S1,
Supplementary Material online). Although every filtering
strategy has limitations and putative biases, we aim for a
conservative approach that minimizes the presence of arti-
facts. The result is a high-quality comparative genomic dataset
that allows us to investigate the signatures of natural selection
and compare them across species (see supplemen-tary mate
rials Sample Processing, Supplementary Material online).
Neutrality Tests
We selected a set of neutrality tests that explore different
aspects of the patterns of polymorphism and in combination
allow us to detect the signatures of different types of natural
selection across different time depths, from the emergence of
theHominidae12Ma to recent and ongoing species-specific
selective sweeps (fig. 1). Many neutrality tests exist; among
them we chose those that utilize the type of information that
we have (i.e., that do not require phased genomes), that have
been shown to have high power to detect selection (Zhai et al.
2009), that explore relatively independent signatures and
that provide information on different timescales. To keep
the analyses manageable, we focus on four tests (see fig. 2):
• To detect signals of purifying and positive selection on
the coding sequences of proteins, we applied the
McDonald–Kreitman test (MK test; McDonald and
Kreitman 1991). The MK test is run on a protein-
coding gene-by-gene basis (supplementary materials
MK 1, Supplementary Material online). By using informa-
tion on sequence divergence, it has power to detect sig-
natures of positive and purifying selection along the
entire branch lengths of the Hominidae.
• To detect long-term balancing selection and positive se-
lection that could have occurred at a deep evolutionary
time, we applied a statistic based on the Hudson–
Kreitman–Aguade´ test (HKA; Hudson et al. 1987), which
has been found to be a highly powerful method to detect
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positive selection (Zhai et al. 2009). The HKA statistic was
calculated across the genome in 30-kb windows with a
15-kb overlap between windows (Methods and supple
mentary materials HKA 1, Supplementary Material on-
line). As it uses both divergence and diversity data, the
HKA statistic has power to detect positive selection over
broad timescales as well as long-term balancing selection,
including persistent balancing selection that predates the
emergence of the Hominidae, such as on theMHC region
(Hedrick 1999).
• To detect lineage-specific positive selection that occurred
after the divergence of an ancestral population into two
species, we applied the Extended Lineage Sorting test
(ELS; SOM 13 in Green et al. 2010; Supplementary
Information 7 in Pru¨fer et al. 2012; Supplementary
Information 19a in Pru¨fer et al. 2014). The test is run
across the genome and identifies regions without a pre-
defined size (Methods and supplementary materials ELS
1, Supplementary Material online).
• To detect recent selective sweeps, we applied Fay and
Wu’s H statistic (FWH; Fay and Wu 2000). The FWH
statistic was calculated across the genome in 30-kb win-
dows with 15-kb overlap between windows (Methods
and supplementary materials FWH 1, Supplementary
Material online).
Together, these tests detect the signatures of purifying,
balancing and positive selection, old and recent (we refer to
events in the order ofmillions of years for old and of hundreds
of thousands of years up to present day for recent selection),
in each lineage (fig. 1). Integrating all results provides an un-
precedentedly broad picture of the targets of natural selection
in the genomes of humans and great apes.
Ne and the Strength of Natural Selection in the Great
Apes
As discussed earlier, empirical data is limited regarding the
effect of long-termNe on the efficacy of natural selection over
short evolutionary timescales in vertebrates. The relationship
between population size, selection and levels of neutral diver-
sity in populations continues to be a matter of considerable
debate (Ellegren and Galtier 2016). A recent study (Corbett-
Detig et al. 2015) proposed that the effects of linked selection
can explain Lewontin’s paradox (1974), namely that neutral
diversity does not scale as expected with population size.
Though a recent reanalysis of this data suggests that while
linked selection influences diversity along genomes, fluctua-
tions in Ne are the major driver of levels of diversity between
species (Coop 2016). The debate has so far been hampered by
the limited availability of population-level genome sequence
FIG. 1. Timescale of neutrality tests. Hominidae phylogeny with the approximate time ranges where each neutrality test has power to detect
signatures of natural selection. (a) The lineages with the number of genomes used in this study are shown on the right. The X-axis shows the
timescale, in units ofmillions of years. Split times of lineages fromPrado-Martinez et al. (2013). For FWH,MK andHKA, the approximate time range
where the tests are inferred to havemost power to detect selection are represented by color intensity. For ELS, we label in green the brancheswhere
the test has power to detect selection. n: number of individuals in each lineage. Ne: estimates of effective population size in units of thousands of
individuals according to Watterson’s estimator, taken from Prado-Martinez et al. (2013).
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data across species (Ellegren and Galtier 2016). Our dataset
therefore provides an ideal opportunity to investigate the
relationship between Ne and selection in closely related
species.
We find that the ratio of nonsynonymous to synonymous
substitutions negatively correlates with long-term Ne in this
dataset (Prado-Martinez et al. 2013), as expected with more
efficient purifying selection in populations with higher Ne.
Here we aim to: (1) infer the distribution of fitness effects
(DFE) in each species, (2) quantify the magnitude of the in-
fluence of Ne on the DFE, (3) compare the influence of long-
term versus short-term Ne, and (4) investigate its influence
not only on purifying, but also on positive selection.
Ne and the Strength of Purifying Selection
We first inferred the DFE of deleterious mutations for 3,859
one-to-one orthologous protein-coding genes with DFE-
alpha (Eyre-Walker and Keightley 2009), which is based on
the MK test (see Methods and MK supplementary materials,
Supplementary Material online). The method fits a demo-
graphic model to the SFS of neutral sites, and, simultaneously,
estimates the gamma-distributedDFE of newnonneutral mu-
tations and the fraction of adaptive substitutions (a) (supple
mentary fig. S16, Supplementary Material online). For all lin-
eages, the shape parameter of the gamma distribution is<1,
indicative of highly leptokurtic (L shaped) DFEs and most
nonsynonymous mutations being strongly deleterious.
Indeed, in all lineages the proportion of nonsynonymous mu-
tations with aNeS> 10 (S being themean homozygous effect
of a deleterious variant) is >65% (supplementary table S104
and fig. S18, Supplementary Material online), similar to esti-
mates for humans (Eyre-Walker and Keightley 2009) and go-
rillas (McManus et al. 2015). We observe that the proportion
of predicted neutral or nearly neutral mutations correlates
negatively with long-term Ne (correlation of 0.64, P val-
ue¼ 0.04 after accounting for phylogenetic nonindependence
using BayesTraitsV2 random walk/maximum likelihood
method; Pagel and Meade 2013). This correlation reflects
stronger purifying selection in great ape species with a larger
long-term Ne.
Efficient purifying selection reduces also the accumulation
of linked genetic variation due to background selection.
Within the bins in the middle range of the HKA distribution
(see “Methods” section), which are particularly sensitive to
purifying selection, lower HKA scores associate with stronger
background selection (lower B scores, supplementary fig. S6,
Supplementary Material online) and a higher proportion of
protein-coding exons (fig. 3). This is expected if background
selection reduces diversity around protein-coding and other
functional regions. Across lineages, and in agreement with the
DFE-alpha results, the effects of purifying selection increase
with larger Ne both when considering the proportion of
protein-coding exons and the B scores (supplementary mate
rials HKA 3 and supplementary table S5, Supplementary
Material online) (McVicker et al. 2009). Incidentally, the effect
is much weaker for nonprotein coding exons (supplementary
table S5 and supplementary fig. 1E, Supplementary Material
online). These results are virtually unchanged if we use only
lineages with less than ten individuals or only lineages with
FIG. 2. Summary of the neutrality tests used. Each box presents the input (the information used), the analysis strategy (how each test was applied
on the genome-wide data), the pattern (the signatures of selection explored), the criteria to select selection candidates (the top candidates for
each test) and the criteria to select candidates for GO analyses (the candidate used for gene ontology analyses).
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more than five individuals, suggesting that sample size differ-
ences between lineages do not affect our observations (supple
mentary materials subsampling analysis 1.4 and supplemen
tary table S106 and supplementary fig. S30, Supplementary
Material online).
The correlations with Ne above are almost always stronger
with long-term Ne than with recent Ne (for 21 of the 23 HKA
bins; supplementary table S3, Supplementary Material on-
line), indicating that we detect the effects of long-term evo-
lutionary history rather than only differences in power due to
overall levels of diversity (although differences in the accuracy
of the Ne estimates may affect this comparison). Therefore,
despite the recent and ongoing population declines experi-
enced by many of these species, their long-term Ne appears
to be a better predictor than recent Ne of the past efficacy of
purifying selection.
Ne and Adaptive Evolution
With the MK-based DFE-alpha, it is possible to estimate the
proportion (a) of nonsynonymous substitutions driven by
positive selection, as well as the ratio of adaptive to neutral
divergence (x(a)) (supplementary table S103,
Supplementary Material online). With the exceptions of
Pongo pygmaeus (with poor bootstrap support), and Pan t.
schweinfurthii (where two inbred individuals (Prado-
Martinez et al. 2013) dramatically increase the estimates)
(supplementary table S103, Supplementary Material online),
both the estimated proportion (a) and the estimated rate of
adaptive evolution are low (0–12% and 0–2%, respectively)
in agreement with previous estimates (Eyre-Walker 2006;
McManus et al. 2015). We observe that in nonhuman great
apes both the proportion and the rate of adaptive substitu-
tions are positively correlated with long-term Ne, after phy-
logenetic nonindependence is accounted for using a
generalized least square approach (supplementary fig. S17
and supplementary materials MK test 2.3, Supplementary
Material online). The correlation is high and significant
when all nonhuman species, except the problematic Pongo
pygmaeus and Pan troglodytes schweinfurthii, are considered
(Pearson’s R¼ 0.9, P value¼ 0.004) (see fig. 4).
The effect of positive selection on linked variation also in-
creases with long-term Ne. In the bottom bins of the HKA
empirical distribution, which are enriched in targets of positive
selection, the percentage of protein-coding windows correlates
positively with Ne (0.05–1% bins, P values¼ 0.0001–0.02). Only
the lowest 0.01% HKA bin is not significant, potentially due to
the spatial clustering of windows as a result of selective sweeps
(supplementary materials HKA 4 and supplementary table S12,
Supplementary Material online).
Thus, our results indicate that long-termNe of populations
significantly affects the efficacy of both purifying and positive
selection. These correlations are remarkable because these
species are very closely related and their long-term Ne varies
by a maximum difference of 3-fold.
The Candidate Targets of Natural Selection
As most genomic sites evolve neutrally or nearly neutrally
(Kimura 1979; Kelley et al. 2006), we expect an enrichment
FIG. 3. Percentage ofwindows overlapping protein coding exons. Percentage ofwindows overlapping protein coding exons for noncumulative bins
of the HKA empirical distribution (X-axis). Each lineage is plotted as a shaded line. The Pearson’s correlation (R) between the percentage of
windows overlapping protein coding exons and Ne within each HKA bin and across all lineages is shown on the right Y-axis. Pearson’s correlation
coefﬁcient was computed both with an estimate of short- and long-term Ne (from Prado-Martinez et al. 2013). Only R values with signiﬁcant
P values (P<0.05) are shown.
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of targets of natural selection in the extreme tails of the
genome-wide distributions of neutrality test statistics.
Therefore, we can identify candidate targets of natural selec-
tionwithout relyingona simulatedneutral expectation,which
is vulnerable to parameter misspecification, an important
problem given the complex evolutionary history of the
Hominidae lineages. Given the little we know about the stron-
gest targets of purifying, positive and balancing selection in
nonhuman apes, this catalog is highly relevant. In addition,
these loci allow us to investigate the tempo, conservation, and
biological function of natural selection in the great apes. The
nature of each of the tests considered means that their im-
plementation in the genome varies and the criteria to define
candidate targets of selection necessarily varies too (see fig. 2).
Sample Size and the Candidate Targets of Natural Selection
Sample size, which varies among lineages, may influence the
power to detect signatures of natural selection. We assess
how differences in sample size might influence our results
with down-sampling analyses. We randomly down-sample,
100 times, four or eight individuals from the two lineages
with the largest sample size (Pan paniscus and Gorilla gorilla
gorilla) and run all neutrality tests for chromosome 1 (except
the ELS test for Pan paniscus because this test is not appro-
priate for this lineage).We thenmeasure the overlap between
the candidates from the down-samples (0.1% or 1% tail of the
empirical distribution) with the equivalent candidates from
the original results (supplementary materials subsampling
analysis 1, Supplementary Material online).
The impact of sample size differs between selection tests.
HKA appears very robust to sample size variation for
signatures of positive selection, showing a mean overlap be-
tween the original and down-sampled results of at least 86%
(supplementary materials subsampling analysis 1.1 and
supplementary figs. S21–24, Supplementary Material online).
This is likely to be because the HKA is not strongly affected by
the allele frequency of polymorphisms.
In contrast, FWH and ELS appear more sensitive to sample
size (supplementary materials subsampling analysis 1.2–1.3
and supplementary figs. S25–28, Supplementary Material on-
line). This may be due to the influence of sample size on the
estimates of allele frequency. Therefore, we find that the HKA
test is better suited for comparative analyses where sample
sizes are low or unequal between populations.
An Available Genome-Wide Map of Natural Selection in
Hominidae
The genome-wide map of signatures of natural selection in-
cludes information about different types of selection over
varying time frames. As such, it provides a broad picture of
the influence of natural selection in each genomic region and
Hominidae species. All the information is available as an in-
teractive browser at webpage: http://tinyurl.com/nf8qmzh
following the criteria and configuration of a recently pub-
lished human dataset (Pybus et al. 2014, 2015). The UCSC-
style format facilitates the integration with the rich UCSC
browser tracks, a search mask allows easy access to results
for specific genes or genomic regions, and the raw scores (test
statistic value and rank score/empirical P value) can be con-
veniently downloaded using the UCSC Table function. We
expect this to be a valuable resource for a wide range of
analyses.
The Functional Targets of Natural Selection
The relative contributions of variants in regulatory versus
protein coding regions of the genome to adaptive evolution
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FIG. 4. Correlation between rate of adaptive substitutions (a) and effective population size (Ne). The X-axis shows the effective population size. On
the Y-axis, the rate of adaptive substitutions is plotted as a. Correlations were calculated while controlling for the phylogenetic nonindependence
using a generalized least square approach and a randomwalk/maximum likelihoodmethod (see SupplementaryMaterials MK 2.3, Supplementary
Material online).
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remains a matter of controversy (Halligan et al. 2013). Since
King andWilson (1975) the relative importance of coding and
regulatory variation to adaptive evolution has been conten-
tious. Protein-coding DNA constitutes1.5% of the genome
but 10–15% appears to be functionally constrained (Ponting
andHardison 2011). The role of nonprotein-coding genes and
other nongenic elements in genome function and evolution
remains debated (Encode Project Consortium 2011; Doolittle
2013) with several lines of work suggesting that nongenic
regions (including some gene desserts) can play an important
role in phenotype and adaptation (Bejerano et al. 2006;
Libioulle et al. 2007; McPherson et al. 2007; Hubisz and
Pollard 2014). Although the stringent filtering of the data
and the imperfect annotation of nonprotein-coding func-
tional elements hampers the comparison of protein-coding
versus nonprotein regions, we investigated the functional an-
notations of our candidates.
Except for MK, the neutrality tests we used are agnostic
about functional annotation. Still, most of our candidate tar-
gets of positive selection contain functional annotations:
mean values across species are 72% for HKA, 71% for ELS
and 80% for FWH. This is significantly greater than
genome-wide expectations based on random sampling of
the callable genome (P values< 0.05 in all lineages except
Pan paniscus, P value¼ 0.2, and Pongo pygmaeus, P val-
ue¼ 0.11) (supplementary materials HKA 7 and supplemen
tary figs. S7–15, Supplementary Material online). Among
these annotations, the overlap with protein-coding exons
(HKA¼ 62%, ELS¼ 59%, FWH¼ 45%) is significantly en-
riched in all lineages except Pan paniscus (P value¼ 0.15)
and Pan troglodytes verus (P value¼ 0.06). In contrast, the
mean overlap with exons from nonprotein coding genes
(HKA¼ 18%, ELS¼ 2%, FWH¼ 20%), is not significantly el-
evated relative to genome-wide levels (supplementary figs.
S7–15, Supplementary Material online, lowest P value¼ 0.
16 in Gorilla gorilla gorilla).
Candidate targets of balancing selection are also highly
enriched in protein-coding exons (e.g., 64% in the top
0.01% bin) and in the top HKA bins this proportion sharply
increases with the HKA score (fig. 3). The increased levels of
diversity in these windows cannot be explained by technical
artifacts, as these regions are not unusual in terms of coverage
or mapping quality (supplementary materials HKA 1.3–1.4,
Supplementary Material online) or by current models of neu-
tral evolution or purifying selection, and are instead best ex-
plained by long-term balancing selection acting on or near
these protein-coding exons.
The Biological Pathways Targeted by Natural Selection
According to our results above, protein-coding genes appear
to be a key target of natural selection in the Hominidae. We
thus investigated the biological functions that these genes are
involved in. For each neutrality test and lineage, we identified
the genes in candidate regions of positive or balancing selec-
tion (see fig. 2 and “Methods” section for details) and per-
formed gene enrichment analyses using WebGestalt (Zhang
et al. 2005). Our necessarily strict data filtering may
disproportionally affect certain Gene Ontology (GO) catego-
ries (e.g., olfactory receptors), but we discuss below the cat-
egories that retain the strongest signatures for each type of
natural selection.
Pathways Targeted by Balancing Selection
The top genes for balancing selection include a number of
well-established targets, such as the major histocompatibility
complex (MHC) genes (Hughes and Yeager 1998; Hedrick
1999). Indeed, windows containing MHC genes appear
among those with the strongest signals of balancing selection
in all lineages (supplementary tables S6 and S13,
Supplementary Material online). In addition, in all lineages
there is a significant enrichment of immunity-related catego-
ries such as the GO “Antigen processing and presentation”
category (closely related to the MHC) (supplementary tables
S16–40, Supplementary Material online). This provides evi-
dence that balancing selection has a strong influence on im-
munological pathways in all lineages.
To test whether there were strong signatures of balancing
selection beyond the MHC complex, we re-ran the GO en-
richment analysis excluding all genes in the MHC region on
chromosome 6 (supplementary tables S57–65,
Supplementary Material online). Doing so removes the en-
richment for the GO category “Antigen processing and pre-
sentation” in all lineages. Interestingly, in three of the four Pan
troglodytes lineages (excluding Pan troglodytes schweinfurthii)
there is significant enrichment for the GO category “Cornified
envelope” (supplementary tables S360, S62, and S63,
Supplementary Material online), driven by the three genes
SCEL, SPRR2B and SPRR2G. The cornified envelope is themost
exterior layer of the skin and consists of dead cells. Related to
this, we note that in Pan troglodytes verus the GO category
“keratinocyte differentiation”, involved in the development of
the most common cell type in the epidermis is also signifi-
cantly enriched (P value¼ 0.0026). This is interesting because
keratins and proteins similarly involved in epithelial barrier
formation have been proposed as targets of balancing selec-
tion (see “Discussion” section).
Pathways Targeted by Strong Purifying Selection
Since Hominidae are closely related, we would expect that
similar regions are evolving under purifying selection. We
therefore tested whether the pathways showing the strongest
signatures of constraint are consistent among lineages. From
the MK test, 53 of the 152 evaluated pathways showed sig-
natures of strong purifying selection inmore than one lineage.
In particular, the “Integrin signaling” pathway and “Wnt sig-
naling” pathway, which regulate basic cellular and develop-
mental processes and the “Alzheimer’s disease-presenilin”
pathway are significantly constrained across all lineages (sup
plementary table S102, Supplementary Material online).
Pathways Targeted by Positive Selection
For the HKA, several lineages show evidence of positive se-
lection targets being enriched for GO categories related to
immune function. For example, the GO category
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“Complement activation” (genes that activate the innate im-
mune system) is significantly enriched in Pan paniscus (P
value¼ 0.042; all P values adjusted for multiple testing),
whereas the related pathway “Complement receptor activity”
is enriched in Pongo abelii (P value¼ 0.011) and the GO cat-
egory “Viral receptor activity” in Gorilla gorilla gorilla (P val-
ue¼ 0.0004) (supplementary tables S41, S46, and S54,
Supplementary Material online).
We find that the FWH candidate targets of positive selec-
tion show enrichment in several GO categories related to
brain development and function, exclusively within the
African Hominidae lineages. This includes for example the
GO categories “Dendrite” (Homo sapiens P value¼ 0.040;
Pan troglodytes troglodytes P value¼ 0.010; Gorilla gorilla P
value¼ 0.0024) and “Neuron spine” (Pan troglodytes troglo-
dytes P value¼ 0.001; Gorilla gorilla gorilla P value¼ 0.006).
Several additional neurological categories are enriched in sin-
gle lineages (supplementary tables S75–86, Supplementary
Material online). For example, Homo sapiens is the only line-
age with significant enrichment of the GO category
“Glutamate receptor activity” (P value¼ 0.002); glutamate
is the main excitatory neurotransmitter in the brain.
For theMK, the set of genes with an excess of divergence is
small (supplementary table S96, Supplementary Material on-
line) but we found a significant enrichment in genes involved
in, for instance, “Ion channel activity” in Pan paniscus (P
value¼0.034), and in “Glycosaminoglycan biosynthesis” in
Gorilla gorilla gorilla (P value¼ 0.020), among other pathways
(supplementary tables S98–101, Supplementary Material
online).
Overlap betweenTargets of Positive and Balancing
Selection across Lineages
The Hominidae lineages have shared, along their evolutionary
history, similar physiologies and environments. As such, they
have likely been subject to common selective pressures even
after their lineages split. To investigate this possibility, we
identified genes that show similar signals of natural selection
in multiple lineages. Since we use an empirical approach to
identify candidate targets of natural selection (as the demo-
graphic models for these species are not well established), we
use the same 0.1% cut-off to identify outliers from both tails
of the HKA empirical distribution and one tail of the FWH
distribution. Therefore, we cannot make general claims about
the relative frequency of positive and balancing selection in
primate species. We can though explore the level of sharing
across lineages of these candidate targets. To be conservative,
we only consider genes to be shared targets of selection if they
appear as candidates in at least three lineages.
Overlap between Selection Targets
We find no signals of positive selection that are shared across
all lineages. In fact, there is modest sharing across lineages, a
possible indication of the lineage-specific nature of the adap-
tive process (although we note that we are highly conserva-
tive in our selection of candidate genes and the power of
FWH is reduced with lower sample sizes) (supplementary
table S15, Supplementary Material online). We observe that
the HKA candidates show lower sharing across lineages than
those from the FWH (supplementary tables S14 and S73,
Supplementary Material online). For the HKA, only 27 genes
(of the 200 candidates per lineage) are shared in at least three
lineages compared with 67 for the FWH, which detects more
recent selective events. We note that shared signals among
the Pan troglodytes sub-species may not reflect truly indepen-
dent signatures of selection as signals may predate their di-
vergence into separate lineages and the possibility of
admixture between sub-species. However, of these 67 genes,
only a minority (8) are shared exclusively among the Pan
troglodytes subspecies, potentially reflecting their recently
shared ancestry. The majority (59) show evidence of recent
positive selection across a range of lineages (supplementary
table S73, Supplementary Material online) suggesting puta-
tive parallel adaptive events.
Turning to the biological function of these genes, we find
limited enrichment among HKA targets (the only significant
GO category is “Structural molecule activity”, P value¼ 0.009;
supplementary table S3AAB, SupplementaryMaterial online).
However, the 67 shared FWHcandidate genes are significantly
enriched in multiple functional categories (supplementary
tables S87–89, SupplementaryMaterial online), including sev-
eral neuronal pathways, suggesting that these are a common
target of recent positive selection across the Hominidae.
Genes targeted by balancing selection show much greater
sharing across lineages, with 156 genes showing signatures of
balancing selection across at least three lineages (supplemen
tary table S13, Supplementary Material online, fig. 5 for an
example across Pan troglodytes lineages). Nine genes, primar-
ily from the MHC region, are shared across all lineages (sup
plementary table S13, Supplementary Material online). This
likely reflects the long-term and persistent nature of balancing
selection on immunity-related genes, in particular in the
MHC.
Discussion
We present a global investigation of the signatures of purify-
ing, positive, and balancing selection at different time scales
and across the Hominidae lineages. We observe strong evi-
dence for the signatures of each of these types of natural
selection on patterns of genomic variation. By carefully avoid-
ing technical differences, we can compare, for the first time,
the patterns of different types of natural selection across the
great ape species. All genomic analyses of signatures of selec-
tion are complicated to some extent by demographic pro-
cesses which can result in patterns of genomic variation that
obscure signatures of selection or produce false-positives. We
tried tomitigate this by utilizing tests that identified putatively
selected regions as outliers based on the entire distribution of
patterns of genomic variation, under the assumption that the
majority of the genome is evolving neutrally.
We find that evenwith the relatively similar Ne of the great
apes (with a maximum difference of 3-fold), Ne has a signif-
icant effect on the efficacy of natural selection. This appears
to be true for both purifying and positive selection. The
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evidence for adaptive evolution is stronger in protein-coding
than in nonprotein coding genes, and it is overrepresented
not only on loci with relevance to immune function, but also
on loci involved in the development and maintenance of the
brain. Long-term balancing selection, which most clearly af-
fects the evolution of immune and skin-related loci, is more
often shared across lineages than positive selection. In what
follows, we briefly discuss these observations, as well as some
of the biological insights from the loci identified.
Effective Population Size Significantly Influences the
Efficacy of Natural Selection in the Hominidae
We estimate that at least 65% of mutations are deleterious
(NeS> 10) in all lineages. This estimate agrees very well with
results in humans (Eyre-Walker and Keightley 2009). Our re-
sults also agree with a recent study in gorillas (McManus et al.
2015) where the DFE-alpha method provided a very similar
gamma shape parameter and proportion of strongly delete-
rious and neutral alleles (66% and 23.8%, compared with our
65% and 22%). Regarding the prevalence of positive selection,
our estimates in Gorilla gorilla gorilla (3%) also overlap with
previous estimates (McManus et al. 2015). Our results thus
confirm the limited information that exists for theHominidae
and greatly expand upon it.
Having information for many great apes enables us to start
to compare the different species. The strength of purifying
selection on nonsynonymous sites, and its effects on linked
variation, correlate with the long-term Ne of the populations.
Similar correlations have been observed among other, more
distant, species (Leffler et al. 2012; Corbett-Detig et al. 2015).
However, our results indicate that even the modest Ne dif-
ferences that exist among the Hominidae have also affected
the efficacy of positive selection, which is likely to be less
prevalent and more dependent on environmental changes
than purifying selection. Therefore, the Hominidae lineages
with the largest long-term effective population sizes, such
as Gorilla gorilla gorilla and Pan troglodytes troglodytes, are
better able to both remove deleterious alleles and fix adaptive
alleles than lineages such as Pan paniscus and Homo sapiens.
Even the relatively recent differences in long-term Ne be-
tween Pan troglodytes sub-species seem to have resulted in
differences in the efficacy of natural selection. This may be
extremely important because the long-term survival of these
species, which live in small populations and are endangered,
may depend on their ability to adapt to changes in their local
environments.
Biological Interpretation of Candidate Genes
Our data indicates that adaptive evolution (positive and bal-
ancing selection) often targets protein-coding regions (be
that the protein-coding sequence or the surrounding regula-
tory elements). This suggests that in these species variants
that affect proteins have been important drivers of novel
adaptations. It also supports the comparison of protein-
coding versus nonprotein coding regions to establish patterns
of positive selection, as long as additional confounding factors
are accounted for (Coop et al. 2009; Key et al. 2016).
The candidate genes targeted by positive selection show
only moderate overlap between species. This is not surprising,
as different populations likely adapt differently at the genetic
level even to similar environmental pressures. Nevertheless,
there are certain genes, and even gene categories, that show
evidence of positive selection in several lineages, which could
reflect recurrent evolution at the genomic level. We note that
the sharing across lineages is substantially higher when we
turn to balancing selection. This is expected because we tar-
get only long-term balancing selection, which may predate
the divergence of the great ape lineages.
There are several possible interpretations of shared signals.
When the signature is shared across closely related lineages
these most likely reflect shared events. When the signature is
shared across distant lineages, this may reflect independent
adaptive evolution. In these cases, selection may be favoring
independent phenotypes in each species, for example if it
affects different, neighboring functional elements in each
FIG. 5. Venn Diagram of shared targets of balancing and positive selection among Pan troglodytes lineages. Overlap of the number of putative
target genes of balancing and positive selection as inferred by the HKA test for all P. troglodytes lineages.
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species or, due to pleiotropy, the same functional element for
a different phenotype in each species. Alternatively, these
regions may represent cases of convergent evolution, where
the same phenotype is selected for across species. For exam-
ple, many genes involved in brain development have shared
evidence for positive selection across different species. We
speculate that there has been ongoing positive selection for
neurological phenotypes across the great apes and that al-
though this was likely to be highly polygenic, some of the
same genes may have been involved across species.
The detection of specific genes that have been under adap-
tive evolution is of great interest, especially when dealing with
lineages closely related to humans. Here we discuss some of
the most interesting findings. For an extended discussion of
putatively selected genes, see supplementary materials sec-
tion 7, Supplementary Material online.
Immunity
Balancing Selection on the MHC
Host–pathogen co-evolution can result in strong selective
pressures (Anderson and May 1982). In agreement with this
we find, in all lineages, evidence of balancing selection main-
taining adaptive diversity on immunity-related genes. As ex-
pected with long-term balancing selection, where the time to
the most recent common ancestor may predate the species
split, many cases are shared among closely related lineages.
These results provide further evidence that advantageous di-
versity is extremely important for the immune system, as has
been shown in humans (Ferrer-Admetlla et al. 2008; reviewed
in Key et al. 2014). Not surprisingly, the MHC genes are
among the top candidate targets of balancing selection in
all lineages.
Balancing Selection on the Skin Barrier
The cornified envelope is a layer of dead keratinocytes (cor-
neocytes) that are linked to structural proteins. They form a
protective barrier in the outermost layer of the epidermis,
known as the stratum corneum, which acts as an external
wall that protects the body from physical injury and bacterial
invasion. We find that the candidate targets of balancing
selection are enriched in genes involved in keratinocyte dif-
ferentiation in Pan troglodytes verus. They are also enriched in
the related biological process “cornified envelope develop-
ment” in Pan t. ellioti, Pan troglodytes troglodytes and Pan
troglodytes verus (the genes involved are SCEL, SPRR2B and
SPRR2G) and include two additional cornified envelope genes
(late cornified envelope genes 3D and 3E, LCE3D and LCE3E).
In LCE3D and LCE3E, the signatures are in flanking regions (the
protein-coding portions of the genes are filtered out by the
segmental duplication filter). We also identify CDSN, which
encodes corneodesmosin, an adhesive protein involved in
skin barrier integrity and has previously been shown to
have signatures of balancing selection in humans (Andre´s
et al. 2009; Cagliani et al. 2011), as a putative target of bal-
ancing selection in three lineages (Homo sapiens, Pan panis-
cus, Pan troglodytes verus) (supplementary table S13,
Supplementary Material online).
A hypothesis for why genes involved in epidermal differ-
entiation may evolve under balancing selection has been pro-
posed in humans in relation to the filaggrin (FLG) gene (Irvine
andMcLean 2006), which is essential for the formation of the
cornified envelope yet it has two common loss-of-functions
alleles (5% frequency each in Europeans) that cause icthyosis
vulgaris and strongly predispose to atopic dermatitis (Irvine
and McLean 2006; Smith et al. 2006). It has been proposed
that the loss-of-function alleles might result in a leaky skin
barrier through which low levels of pathogens can penetrate,
promoting innate immunity through a process of “natural
vaccination” (Irvine and McLean 2006).
Humans homozygous for loss-of-function CDSN alleles fre-
quently show skin barrier defects and are susceptible to
Staphylococcus aureus superinfections early in life, suggesting
variation in the gene influences the ability of pathogens to
penetrate the skin barrier (Oji et al. 2010). Interestingly, het-
erozygote carriers of this loss-of-function allele do not present
these phenotypes, suggesting that heterozygotes may obtain
benefits without the deleterious costs of homozygous carriers.
Therefore, a leaky skin barrier that promotes “natural vaccina-
tion” may be a hitherto under-appreciatedmechanism driving
balancing selection on a variety of genes involved in develop-
ment of the stratum corneum across species. We hypothesize
that this mechanism may underlie the strong signatures of
balancing selection we detect in CDSN (corneodesmosin) and
other genes involved in the development of the cornified en-
velope. The presence of advantageous variation on genes in-
volved in the formation of the epithelial barrier may therefore
be more widespread than previously recognized.
Positive Selection on HIV/SIV-Related Genes
We also find evidence for pervasive positive selection on
immune-related processes, as seen in H. sapiens and other
Hominidae before (Mikkelsen et al. 2005; Cagliani et al. 2010;
Casals et al. 2011). MK, HKA and FWH candidate targets of
positive selection all are significantly enriched in genes related
to immune response (supplementary tables S16–55, S75–86
and S99, Supplementary Material online). The particular
genes vary between lineages, although some are shared across
lineages.
Immunity-related genes with signals of selection in multi-
ple lineages may reveal convergent adaptive response to
pathogens, or adaptive introgression. The gene IDO2 is iden-
tified as a FWH candidate of recent positive selection in all
four Pan troglodytes lineages and Pan paniscus. IDO2 encodes
the enzyme indoleamine 2, 3-dioxygenase 2, which is involved
in T-cell regulation and the Tryptophan oxidation pathway
(Metz et al. 2014). This pathway is activated after HIV infec-
tion and causes chronic inflammation (Murray 2010), likely
underlying HIV-1 immunopathogenesis (Boasso and Shearer
2008). Interestingly, blocking expression of the IDO genes in
rhesus macaques infected with SIV/HIV improves health out-
comes (Boasso et al. 2009). Therefore, selection on this func-
tional pathway may contribute to the ability of some Pan
troglodytes individuals to be resistant to AIDS progression
after HIV infection, which has been attributed to a lack of
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HIV induced T-cell dysfunction (Heeney et al. 1993). The MK
test also identifies HIVEP1 as a target of positive selection in
Pan troglodytes schweinfurthii and Pan paniscus. The tran-
scription factor encoded by HIVEP1 binds enhancer elements
of several promoters of viruses, including HIV-1. Investigation
of these selection signals may be of relevance to treating HIV
infections in humans.
In summary, we find strong evidence of shared signals of
both balancing and, less frequently, positive selection on
genes involved in immunity in the Hominidae. This likely re-
flects the strong and continuous selective pressure that in-
fection and disease exerts on these populations, and the close
evolutionary history of the Hominidae, which results in expo-
sure to similar pathogens and similar genetic responses.
Neurological Functions
All Hominidae lineages are known to possess sophisticated
cognitive abilities (Tomasello and Call 1997; McGrew 2004)
related to their increased brain size and changes in brain or-
ganization relative to other primates (Semendeferi et al. 2002).
We find some of the categories with the strongest evidence of
purifying selection (withMK) are involved in brain function. It
is intriguing that the candidate targets of recent positive se-
lection are also enriched in neurological functional categories,
with some genes involved in brain development and function
showing signatures across multiple lineages.
The gene with signatures of positive selection across the
highest number of species and timescales is NRXN3, which
codes for neurexin 3. The gene ismainly expressed in the brain
and encodes for a protein involved in synaptic transmission
and plasticity; it belongs to a gene family associated with sev-
eral cognitive diseases (Su¨dhof 2008).NRXN3 shows signatures
of positive selection in six lineages, with a FWH signal of recent
positive selection in Pan troglodytes ellioti, Pan troglodytes
schweinfurthii, Pan troglodytes troglodytes and Pongo pyg-
maeus, an HKA signal of positive selection in Homo sapiens,
and an ELS signature in all lineages where it was performed
(Pan troglodytes, Gorilla gorilla gorilla and Pongo abelii).
Therefore, this gene may have been involved in the cognitive
evolution of multiple Hominidae lineages, including our own.
Several additional prominent candidates of positive selec-
tion are involved in cognitive and neurodevelopmental phe-
notypes. This includes AUTS2, identified by ELS in G. g. gorilla
(second highest rank) and Pan troglodytes troglodytes (fourth
highest rank), and implicated in neuronal development and
autism in humans (Oksenberg and Ahituv 2013). In addition,
CSMD1, the gene with FWH signatures in the most lineages
(Homo sapiens, Pan paniscus, Pan troglodytes ellioti, Pan trog-
lodytes schweinfurthii, Gorilla gorilla gorilla and Pongo pyg-
maeus) (supplementary table S73, Supplementary Material
online), whose function is unknown but that is highly ex-
pressed in the central nervous system (Kraus et al. 2006)
and harbors variants associated with schizophrenia (Ha˚vik
et al. 2011). Further, of the four genes with FWH signatures
in five lineages, two are associated with neuronal phenotypes:
KCNIP4, which encodes an A-type potassium channel mod-
ulatory protein, and harbors variants associated with atten-
tion deficit hyperactive disorder (Weißflog et al. 2013) and
NRG3 (Neuregulin 3), which is crucial in the development of
the nervous system and whose variants are associated to
schizophrenia (Chen et al. 2009).
In addition, 12 genes detected as positively selected byMK
are related to neurodevelopmental disorders in humans (sup
plementary table S98, Supplementary Material online). Five
(MCPH1, CASC5, PHGDH, FTO and NBN) can display a phe-
notype of microcephaly when mutated (Faheem et al. 2015),
with mutations in MCPH1 and CASC5 being responsible for
autosomal recessive primary microcephaly (MCPH) (Woods
et al. 2005; Genin et al. 2012). MCPH1 (identified here in H.
sapiens) has been described as a target of positive selection in
primate evolution (Wang and Su 2004; Shi et al. 2013); CASC5
(identified here in Pan troglodytes ellioti and Pan paniscus)
contains, in Homo sapiens, a nonsynonymous mutation that
reached fixation since the split with Neandertals (Pru¨fer et al.
2014), suggesting recent positive selection also in our lineage.
MCPH1. CENPJ, another MCPH gene, shows marginally
nonsignificant evidence of positive selection (P value¼ 0.
055 in P.t. verus). Together these results show putative adap-
tive evolution in genes that may have contributed to changes
in brain size and function during primate evolution.
Conclusion
We present a comparative population genomic analysis that
investigates the influence of natural selection across the
Hominidae. This information sheds light on the past adapta-
tions of each of these populations. As expected, immune func-
tion was a strong selective force in all species. Given the close
evolutionary relationship, similar physiology and shared path-
ogens of humans with the other Hominidae lineages, further
functional study of these immunity-related genes may be of
medical relevance. In addition, the evidence of positive selec-
tion in neuronal pathways of several lineages suggests differen-
tial adaptations in phenotypes that distinguish the Hominidae
species fromone another. For example, genes that show strong
signals of positive selection solely on the human lineage con-
stitute the best candidates to explain human-specific neuro-
logical phenotypes. Similarly, genes with evidence of positive
selection in species that differ from one another in phenotypes
including size, locomotion, morphology or diet help us to un-
derstand the genetic basis of these adaptations.
The fact that even the modest differences in long-term Ne
between Hominidae lineages has had discernible impacts on
the efficacy of natural selection, both to remove deleterious
alleles and to favor adaptive ones, has additional implications.
The different great ape species, all of which (except for hu-
mans) are currently endangered, may thus differ significantly
in their ability to adapt to environmental change. This may
affect their ability to adapt not only to constantly changing
pathogens, but also to the often human-induced changes to
their habitats.
Methods
Dataset
The dataset we analyzed consists of whole-genome autoso-
mal sequences from 83 individuals across all the major
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lineages of the Hominidae (with the exception of Gorilla
beringei beringei) (fig. 1 and supplementary table S1,
Supplementary Material online). The dataset was originally
presented in Prado-Martinez et al. (2013; SOM), where the
SNP calling pipeline and filtering criteria are described in de-
tail. All reads are mapped to the human reference genome
(hg18). This approach has three main advantages. First, we
take advantage of the extensive data-quality exploration and
filtering performed in the original publication. Second, map-
ping to the human genome ensures that all species are
mapped to a high-quality genome, avoiding the (hard to ac-
count for) biases that would result frommapping to genomes
of low and varying qualities. Third, the human genome has
the most comprehensive annotation of gene coding regions,
which is very important in this study.
To avoid errors introduced by miss-mapping due to paral-
ogous variants, we also restricted all analyses to a set of sites
with a uniquemapping to the human genome. To address the
possible influence of unknown copy number variants (which
would result in collapsing several genomic regions during
mapping and produce false SNP calls), we took several steps
(supplementary fig. S1, Supplementary Material online). Using
UCSC tracks we excluded from analysis all repetitive regions
(248Mb), segmental duplications (154Mb), genomic gaps
(226 Mb) and tandem repeats (38 Mb). We also excluded
structural variants detected in any of the great ape lineages
(334Mb) based on themost comprehensive catalogue avail-
able which was itself generated using this dataset and read-
depth methods (Sudmant et al. 2013). Furthermore, sites with
depth of coverage (DP)< (mean read depth/8.0) and
DP> (mean read depth3), were also removed. Tomaximize
the number of sites to be analyzed, we excluded multiple
individuals with low coverage (supplementary tables S1 and
S2, Supplementary Material online). Additionally, we also re-
quired positions to have at least 5 coverage in all individuals
per species. Only the resulting set of sites, which we termed
“callable sites”, were used in further analyses; this minimizes, as
much as possible, the effects of filtering in all enrichment
analyses. This resulted in a mean of 2,099 Mb of analyzable
genome sequence per species (supplementary fig. S1,
Supplementary Material online). We caution that despite
our many efforts, which include multiple stringent filtering
steps and the manual curation of targets presented in the
main text, we cannot discard the presence of some artifact
in our data (e.g., undetected structural variants in the candi-
date targets of balancing selection) although we expect that
them to have a weak influence in our overall results.
Tests
Hudson–Kreitman–Aguade´ Test (HKA)
To detect long-term balancing selection and positive selec-
tion that could have occurred at a deep evolutionary time-
scale, we used a statistic based on the HKA test (Hudson et al.
1987). Here, the HKA statistic is simply the ratio of polymor-
phic (SNPs) to divergent (substitutions) sites in a window.We
consider as a polymorphism a genomic position that was
identified as a single nucleotide variant (SNV) in Prado-
Martinez et al. (2013).We consider a substitution (a divergent
site) a genomic position that is identified as a fixed difference
between the tested and the outgroup lineage. For consis-
tency, Homo sapiens was used as an outgroup for all lineages.
When performing the test for Homo sapiens, we used the
combined Pan troglodytes lineages as the outgroup.
For each lineage, the genome was divided into 30-kb geno-
mic windows with 15-kb overlap and the HKA statistic was
calculated. We consider only windows that contain at least
300 callable and 6 informative sites, where an informative site
is a SNV or substitution (see supplementary materials HKA,
SupplementaryMaterial online). Each window in the genome
was ranked according to its HKA score, and the rank was
considered the window’s empirical P value (see supplemen
tary fig. S4, Supplementary Material online, for an example of
the distribution of polymorphic sites and substitutions across
the HKA empirical distribution). To ensure that our results
were not influenced by variation in data quality across the
genome, we tested whether extremeHKA scores are biased in
termsof coverage ormapping quality.We find no evidence for
such artifacts influencing our results (see supplementary ma
terials HKA and supplementary figs. S2 and S3, Supplementary
Material online).
Fay and Wu H Test (FWH)
To detect complete or nearly complete positive selective
sweeps caused by recent or ongoing positive selection, which
result in an excess of high-frequency derived alleles, we used
the FWH statistic (Fay and Wu 2000). We confirmed our
implementation of the FWH statistic was capable of detecting
recent selective sweeps using simulations (see supplementary
materials FWH 1 and supplementary fig. S19, Supplementary
Material online). For each lineage, the genome was divided
into 30-kb windows with 15-kb overlap using the same strat-
egy as the HKA test (see above and supplementary materials
FWH 1, Supplementary Material online). Windows with less
than 300 callable sites were removed. Each window in the
genome was ranked according to its FWH score, and the rank
was considered the window’s empirical P value.
McDonald–Kreitman Test (MK)
To detect positive and purifying selection on protein coding
genes, we used theMcDonald–Kreitman test (McDonald and
Kreitman 1991). The MK test was calculated for all lineages
with at least five individuals, as this was considered the min-
imum sample size for sufficient polymorphism data (supple
mentary table S93, Supplementary Material online). Only Pan
troglodytes troglodytes did not meet these criteria. Pan t. verus
met the criterion only by including Donald, an individual
excluded in all other analyses because of evidence of admix-
ture between P.t. verus and Pan troglodytes troglodytes (Prado-
Martinez et al. 2013). Coordinates for coding regions of all
autosomal transcript unique identifiers were taken from
RefSeq hg18 and intersected with the callable sites in our
data (Pruitt et al. 2012). This resulted in 15.1 Mb of coding
sequence available for analysis. For each lineage, we count all
polymorphisms and substitutions that are predicted to have
appeared after the most recent common ancestor with an
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outgroup (Homo sapiens was used for all lineages, except
when performing the test for Homo sapiens, in which case
Pan troglodytes was used) (supplementary table S94,
Supplementary Material online). The total number of tran-
scripts tested for each species can be seen in supplementary
table S6C, Supplementary Material online, and the significant
transcripts for either positive or purifying selection in supple
mentary tables S96 and S97, Supplementary Material online.
Variants were annotated as either synonymous or nonsynon-
ymous using ANNOVAR (Wang et al. 2010). Multiallelic sites
were excluded (see supplementary materials MK 1.4,
Supplementary Material online).
Extended Lineage Sorting Test (ELS)
To detect lineage-specific positive selection that occurred
after the divergence of two closely related lineages, we scan
the genome for a signal of extended lineage sorting (see
SOM 13 in Green et al. 2010; see Supplementary
Information 7 in Pru¨fer et al. 2012; see Supplementary
Information 19a in Pru¨fer et al. 2014), i.e., genomic regions
where the lineage of a closely related outgroup falls basal to
the lineages of a test-group of individuals. The test requires a
particular relationship between the test-group and the
closely related outgroup individual where the outgroup in-
dividual is sufficiently close and the test-group is sufficiently
diverse so that the outgroup often falls within the diversity
of the test-group. To determine which population pairs are
suitable for ELS, we performed neutral coalescent simula-
tions with ms (Hudson 2002) (supplementary table S66,
SupplementaryMaterial online). The fraction of derived sites
in the simulations was compared with the fraction in the
data, which closely matched the simulations in most cases
(supplementary fig. S20 and supplementary tables S66 and
S67, Supplementary Material online). Three lineage pairs
showed a sufficiently close relationship and were used for
the ELS test: Pan troglodytes—Pan paniscus, Gorilla g. go-
rilla—Gorilla b. graueri, Pongo abelii—Pongo pygmaeus.
We use an implementation of the ELS test that is based on
a hidden Markov model (HMM) that analyses SNPs in indi-
viduals from one population and the genotype from a single
individual from the outgroup population (Pru¨fer et al. 2014,
SOM). The HMM then infers the posterior probability for the
hidden states internal (the outgroup falls within the diversity
of the test group) and external (the outgroup falls basal to the
lineages of the test group) at all SNP positions.
Following Pru¨fer et al. (2012, Supplementary Information
7), external regions were defined as a run of SNPs with a
probability of>0.8 for being external that is not interrupted
by SNPs with a probability of>0.8 for being internal, and
scored by their genetic length using the 1-Mb average human
recombination rate from Kong et al. (2002).
For each population, the HMM was run repeatedly with
each “outgroup” individual. To combine these multiple out-
puts, we disregarded any external region that was not in the
top 5% of the empirical distribution in all runs (as truly ex-
ternal regions are shared among all outgroup individuals) and
the remaining external regions were then assigned a final rank
based on their cumulative rank score from the multiple runs
(supplementary materials ELS 1.3 and supplementary tables
S68–70, Supplementary Material online).
Region Annotation and GO Category Enrichment
Regions were annotated as genic (protein-coding and
nonprotein coding) if at least 1 bp of the region overlapped
with a gene using GENCODE hg18 gene coordinates (Harrow
et al. 2012).
To test for evidence of functional enrichment among the
genes that we detect as putative targets of natural selection,
we performed biological category enrichment analysis using
the softwareWebGestalt (Zhang et al. 2005). For the HKA and
FWH tests, we selected the 200 genes with the strongest sig-
natures of selection as our test set of candidate genes. For the
ELS test, we considered all genes in the 5% longest external
regions. For the MK test, we selected by species all genes with
at least one transcript presenting a nominal P value of0.05.
For each test and lineage, we tested for functional enrich-
ment using several databases of biological pathway and func-
tional information: GO categories (Harris et al. 2004)
“biological processes”, “molecular functions” and “cellular
components”; the Kyoto encyclopedia of genes and genomes
(KEGG) pathway database (Kanehisa et al. 2004) based on
mammalian and human phenotype ontology; and the
PheWas database, which is based on the human PheWas
ontology (Denny et al. 2010). We set a significance threshold
of 0.05 and used the Bonferroni correction for multiple hy-
pothesis testing. Significant categories driven by only one
gene were discarded due to the high potential for spurious
signals in such cases. For HKA results, see supplementary
tables S3N–S3AAA, Supplementary Material online, for ELS
see supplementary tables S71 and S72, Supplementary
Material online, for FWH see supplementary tables S5C–
S5N, Supplementary Material online, for MK test see supple
mentary table S101, Supplementary Material online.
We note that all gene pathways used were annotated for
humans. While this is not ideal for pathway enrichment anal-
yses of nonhuman species, the putative biases should be mi-
nor. This is because these functional elements are
evolutionarily constrained and these species are extremely
closely related (all within only 12 My). For example, there
have only been 96 gene-deletion events in the great apes
(Prado-Martinez et al. 2013), which should have a minimal
impact on an enrichment analyses that uses thousands of
genes. Furthermore, any putative annotation errors between
species should be randomwith respect to biological pathways
and not systematically biasing gene enrichment results.
We tested the potential effect of gene length bias on the
results by repeating the enrichment analyses after randomly
selecting equal numbers of windows and exploring the over-
lap of these (random) categories with our results (see supple
mentary materials HKA 7, Supplementary Material online).
Data Access
An interactive browser with the signatures of natural selec-
tion for each species is available at http://tinyurl.com/
nf8qmzh (last accessed October 10, 2016).
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Supplementary Material
Supplementary figures S1–S22, tables S1–S107 and supple
mentary materials are available at Molecular Biology and
Evolution online (http://www.mbe.oxfordjournals.org/).
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